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GENERAL ABSTRACT 
A. NITROGEN METABOLISM IN THE HINDGUT OF THE GROWING PIG 
Four experiments were conducted with growing pigs (30 to 50 
kg initial liveweight), each fitted with a single T-shaped 
cannula at the end of the small] intestine, approximately 5 
cm from the ileocecal valve, to evaluate the significance in 
practical nutrition of the role of the hindgut in nitrogen 
(N) metabolism. In the first study (Chap. II), pigs were fed 
meat-and-bone meal- or soybean meal-supplemented cornstarch 
(CS)-based diets; in the second study (Chap. III), barley or 
wheat—based diets; in the third study (Chap. IV), a 
soyprotein (SP)-supplemented CS-based diet. The diets 
provided adequate or slightly below adequate crude protein. 
Energy substrates (purified carbohydrates — CS or pectin — 
or a "“natural-type" carbohydrate — wheat bran, WB), protein 
substrates (SP or WB), and a CS plus SP combination were 
infused through the cannulas. Results indicated that N 
metabolism in the hindgut, as a consequence of microbial 
activity, was affected by infusions of both carbohydrate and 
protein. A high energy/N ratio elicited an intensification 
of microbial activity, resulting in quantitative changes in 
the route of N excretion. Greater output of fecal N was 
accompanied by decreases in total urinary N. The hindgut was 
shown to possesses a high capacity for N digestion; however, 
this digestion did not contribute to the N status of the 
pigs, as was demonstrated by no increase in N retention and 


apparent biological value. The N end products of hindgut 
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protein digestion were absorbed into the blood and excreted 
mainly as urea in the urine. Wide variations in the apparent 
digestibilities of N (crude protein) and constituent amino 
acids (AA), as determined by the fecal analysis method, 
emphasized the importance of considering digestibilities of 
AA, and not crude protein in diet formulation. Furthermore, 
because of microbial activity in the hindgut, the fecal 
analysis method underestimated or overestimated AA 
availabilities.’ The problems associated with this method for 
obtaining reliable estimates of AA availabilities in dietary 
protein (of lower ileal digestibility) may be overcome by 


measuring digestibilities of AA in ileal digesta. 


B. COMPOSITION AND UTILIZATION OF HIGH LYSINE BARLEYS 
Chemical analyses and biological evaluation, using rats and 
/or pigs, were conducted on samples of six Alberta-bred 
barley lines, plus one established high protein high lysine 
barley (Hiproly), and one high lysine mutant (Risdé 1508), 
all grown in Alberta under similar soil and environmental 
conditions. Results showed that Line 1 could be classified 
as a "hiproly" barley; Line 2, a “high protein’ barley; 
Lines 4 and 6, “high lysine" barleys; and Lines 3 and 5, 
"normal" barleys. Chemical score data showed that Line 1 and 
Risé 1508 could meet the total AA requirements for 60 to 100 
kg pigs in practical diets. Lines 2, 4 and 6, and Hiproly as 
compared to Galt (control barley), would require reduced 


protein supplementation. Feeding trials with rats (Chap. V), 
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and both rats and pigs (Chap. VI) showed that the 
digestibility of lysine was similar to or greater than that 
of the corresponding Gait barley. The superior nutritional 
quality of Hiproly, Risd 1508 and Line 6 relative to that of 
Galt, as measured both by relative protein value in rats, 
and N retention and apparent biological value in pigs, could 


be related directly to the amount of available lysine. 
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I. GENERAL INTRODUCTION 

SCOPELOR, THES: @HESIS 

Two aspects of nutritional research were studied in 
experiments with pigs and rats. The first and major study 
was designed to elucidate the role of the hindgut of the 
growing pig in the metabolism of nitrogen (N). The second 
study involved chemical and nutritional evaluation of high 
lysine barleys and locally bred barley lines, all grown in 
Alberta. The material in this thesis is therefore presented 


in two sections. 


A. NITROGEN METABOLISM IN THE HINDGUT OF THE GROWING PIG 

Digestion involves the breakdown of diverse, complex 
molecules of dietary components into simple molecules 
suitable for absorption. Digestive processes are facilitated 
both by the action of endogenously produced enzymes, and 
enzymes produced by microorganisms which exist in symbiotic 
relationship with the host animal. In the case of the pig, 
microbial activity is confined mainly to that region of the 
intestinal cractspostentiorytheyendtof ithe: smal lenntestine, 
Tew thei hindgute 

The hindgut (which includes the cecum, colon and 
rectum) is the last region of the intestinal tract through 
which digesta from the small intestine must pass before 
being voided as feces. In the pig, the hindgut accounts for 
about 38% of the volume of the intestinal tract (Bayley 


1978), and at any given time contains 30 to 60% of the total 
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weight of the digesta (Friend et al. 1963, Ledinek 1970). In 
addition, the mean transit time is 30 to 36 hours in the 
hindgut, as compared to only 3 to 5 in the stomach or the 
small intestine (Keys and Debarthe 1974). Under these 
conditions in the hindgut, absorption of water (Low et al. 
1978), minerals (Partridge 1975) and vitamins (Hotzel and 
Barnes 1966) are facilitated. In addition, there is 
microbial proliferation. 

A great diversity of microorganisms inhabit the hindgut 
of the pig. The number of microbes/g of fresh digesta may 
reach 10° for aerobes, and 10'' for obligate anaerobes 
(Ledinek 1970, Koch et al. 1972). In preweaned pigs, 
microbes frequently isolated include lactobacilli and yeasts 
(Ledinek 1970, Koch et al. 1972). In older animals, gram 
negative anaerobes become established and predominate 
(Schaedler 1973). Different feeding regimes may have an 
influence on microbial growth, but little effect on the 
composition of the microfloral population (Drasar et al. 
:O7Sie 

The microbes degrade undigested nutrients entering the 
hindgut, including protein and carbohydrate residues (Misir 
and Sauer i980, 1981a,b), and endogenous N substrates such 
as amino acids (Holmes et al. 1974) and urea (Deguchi et al. 
1979, Bergner 1981, Mosenthin 1981). An increase in 
microbial activity was demonstrated by the excretion of 
greater amounts of fecal N (Mason and Palmer 1973, Mason et 


al. 1976, Mendez-Pereira et al. 1977), fecal bacterial 
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diaminopimelic acid (Mason and Palmer 1973, Mason et al. 
1976) and bacterial ribonucleic acid (Mason et al. 1976, 
Gargallo and Zimmerman 1981). 

In practical production, pigs are fed diets consisting 
of cereal grains plus protein supplements (e.g., canola 
meal, meat-and-bone meal and soybean meal) which supply 
amino acids deficient in the grains. Feed costs may account 
for 50 to 70%, or even more, of total cost of producing a 
market pig. It is therefore incumbent for the animal 
nutritionist to consider not only the nutrient composition 
of the diet but, more importantly, the extent to which these 
nutrients are available to the animal. Recommendations for 
the inclusion of protein and amino acids in animal diets are 
often based on the fecal analysis method (Kuiken and Lyman 
1948) which ignores the effects of hindgut fermentation. A 
Gleammunders tanding Of sthe role of the hindgut of the’ pig in 
N metabolism would allow nutritionists to determine more 
accurately, and therefore recommend more precisely, dietary 
allowances for amino acids to meet adequately the animal’s 


requirements for optimal growth. 


B. COMPOSITION AND UTILIZATION OF HIGH LYSINE BARLEYS BY 
GROWING RATS AND PIGS 

Barley ranks fourth in world production of cereal 
grains, preceded by corn, rice and wheat (FAO 1979). Wheat 
and rice are utilized mainly in human diets, whereas bar ley 


and much of the corn are currently fed to domestic livestock 
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species. 

The quality of cereal proteins is generally inferior to 
animal proteins because of lower levels of indispensable 
amino acids, resulting in relatively lower biological 
values. In barley, lysine is the first limiting amino acid 
(Sauer 1976, Eggum 1977). An increase in the lysine content 
of the grain is expected to improve the nutritional value 
and, therefore, reduce the quantity of added protein 
ingredients required to formulate balanced livestock diets. 

In most varieties of barleys ("normal" barleys), the 
levels of protein and lysine (grain dry matter basis) are 
positively correlated; however, the amount of protein in the 
grain and the lysine content of the grain protein are 
negatively correlated. "High lysine" barleys have higher 
levels of lysine than normal barleys with the same protein 
content (Doll et al. 1974). 

Concerted efforts by plant breeders in various 
countries to improve the quality of cereal proteins have 
resulted in the isolation of several high lysine mutants in 
corn (Mertz et al. 1964, Nelson et al. 1965), sorghum (Singh 
and Axtell 1973) and barley (Bansal 1970, Munck et al. 1971, 
Ingversen et al. 1973). Barley mutants, such as Hiproly 
(Munck et al. 1971), Risd 1508 (Ingversen et al. 1973) and 
Notch-1 and Notch-2 (Balaravi et al. 1976) have higher 
content of lysine and reduced levels of glutamic acid and 
proline. This altered amino acid profile was achieved by an 


increase in the levels of lysine-rich albumin and globulin 
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protein fractions at the expense of lysine-poor prolamines 
(Doll and Koie 1973, Ingversen et al. 1973, Balaravi et al. 
1976). Feeding experiments with rats (Munck 1972, Doll et 
al. 1974, Balaravi et al. 1976) and pigs (Thomke and 
Widstromer 1975, Newman et al. 1978) attest to the 
nutritional superiority of high lysine barleys as compared 
to normal cultivars. However, most if not all, high lysine 
barleys have certain undesirable agronomic characteristics, 
e.g., reduced grain size and therefore low grain yield (Doll 
and Koie 1973, Ingversen et al. 1973, Bansal et al. 1977). 
As a consequence, researchers involved in barley breeding 
programs are currently attempting to combine the high lysine 
trait with desirable agronomic traits, including high yield. 
In Alberta, this program is aimed at producing high yielding 
high lysine barleys specifically adapted to local 
conditions. It is anticipated that the development of such 
barleys would make a significant contribution towards more 
efficient livestock production by improving feed conversion 
efficiency, thereby reducing total feed costs, and resulting 


in more profit to producers. 
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Il. EFFECT OF STARCH INFUSION AT THE TERMINAL ILEUM ON 
NITROGEN BALANCE AND APPARENT DIGESTIBILITIES OF NITROGEN 
AND AMINO ACIDS IN GROWING PIGS | 


A. ABSTRACT 

Growing pigs (33 to 38 kg initial liveweight) were each 
surgically fitted with a single T-shaped cannula at the end 
of the small intestine, and fed a cornstarch-based diet made 
isonitrogenous with meat-and-bone meal (MBM) or soybean meal 
(SBM). Starch (200 g/d) or water (400 g/d) was infused 
through the cannula and effects on nitrogen (N) balance and 
apparent digestibilities (AD) of amino acids (AA) were 
studied. The infusion of starch, as contrasted to water, 
increased (P<0.01) excretion of fecal N and correspondingly 
decreased (P<0.05) excretion of total urinary N, including 
urinary urea N. There was no effect (P>0.05) on the amount 
of N retained. The increased excretion of fecal AA following 
starch infusion resulted in lowered (P<0.05) AD (percentage 
units) of indispensable AA: threonine (8.4), methionine 
(6.7), valine (6.6) and lysine (5.0); and dispensable AA: 
tyrosine (6.9) and aspartic acid (5.7). In general, the same 


pattern of AD decreases was obtained for both protein 


rd 


1 A modified version of this chapter has been accepted for 
publication in the Journal of Animal Science. Misir, R.. and 
W.C. Sauer. 198ia. Effect of starch infusion at the terminal 
ileum on nitrogen balance and apparent digestibilities of 
nitrogen and amino acids in pigs fed meat-and-bone meal and 
SOvDedn Meammateisneus AlN. oct. Gin press). 
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sources; however, the magnitude of these decreases tended to 
be greater for MBM than for SBM. There were large 
differences (percentage units) between AD of N (crude 
protein) and those of individual AA (arginine +11.2, and 
isoleucine -5.2, in MBM; arginine +7.6, and methionine -7.6, 
in SBM). Results showed that the route of N excretion and, 
consequently > the ADof AA, as determined by ‘the fecal 
analysis method, were affected by the amount of starch 
(energy substrate) entering the hindgut. It is concluded 
that the formulation of pig diets could be done more 
accurately by using AD of individual AA, and not N; however, 
because of the dependence of AD values on the amount of 
starch in the hindgut, AD values (fecal analysis method) may 


not be reliable indices of AA availabilities for pigs. 


B. INTRODUCTION 

The digestibility of the AA in a given protein 
supplement in diets for monogastric animals is often 
determined by the fecal analysis method (Kuiken and Lyman 
1948) which considers the amounts of specific AA consumed 
and voided in the feces, but does not take into account the 
modifying action of the microflora in the hindgut. Several 
workers reported considerable disappearance of N in the 
hindgut of chicks (Nesheim and Carpenter 1967, Salter and 
Fulford 1974), rats (Mason and Palmer 1973, Eggum et al. 
1979), and pigs (Zebrowska 1973, 1975, Hodgdon 1977, Sauer 
et al. 1977a,b, 1979, 1980, Mason 1979). Furthermore, in the 
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case of the pig, other workers indicated a net increase in 
the amounts of AA in the hindgut, e.g., lysine and 
methionine (Sauer et al. 1980), lysine and isoleucine (Sauer 
et al. 1977b) and arginine, methionine, cysteine and 
tyrosine (Holmes et al. 1974). Consequently, AA 
digestibilities, as determined by the fecal analysis method, 
may not reflect the amounts actually available for 
absorption and subsequent protein synthesis. 

Microbial activity in the hindgut may be limited by the 
presence of energy substrates (Mason et al. 1976). The 
capacity of the hindgut for starch digestion (g/d) was 
estimated at 153 for sheep (Mason et al. 1977), or 150 for 
pigs (Gargallo and Zimmerman 1981). When the less digestible 
potato starch as compared to cornstarch was fed to pigs 
(Cunningham et al. 1963, Mason et al. 1976) more undigested 
starch entered the hindgut and thereby increased the level 
of bacterial activity (Mason and Palmer 1973, Mason et al. 
1976). 

The objective of this study was to determine the extent 
to which the infusion of excess starch into the hindgut 
would affect N balance and apparent fecal digestibilities of 
N and AA when MBM and SBM were fed to growing pigs as sole 


protein sources. 
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C. MATERIALS AND METHODS 

Six Yorkshire x Lacombe barrows, ranging in initial 
body weight from 33 to 38 kg, were each surgically fitted 
with a single T-shaped cannula at the end of the small 
intestine, approximately 5 cm from the ileocecal junction. 
Each cannula (internal and external diameters of 12 and 18 
mm, respectively) was made of polyvinylchloride plastisol, 
according to procedures outlined by Sauer (1976}. Following 
surgery the pigs were allowed a 21-d recuperation period 
during which they were fed ad libitum a ground barley-SBM 
grower diet (1 mm particle size) formulated to 14% crude 
protein. The pigs were confined to stainless steel metabolic 
cages that permitted separate collection of feces and urine. 
The barn was provided with continuous lighting and 
maintained at temperature and relative humidity of 20 to 
22°C and 70 to 75%, respectively. 

Each of the experimental periods (n=2) consisted of a 
5-d adaptation period followed immediately by a 5-d 
collection period. At the commencement of the experiments, 
pigs (n=3) were randomly selected and fed cornstarch-based 
diets (n=2) made isonitrogenous with MBM and SBM (Table 
II.1). Vitamins and minerals were added to meet or exceed 
NRC (1979) specifications. Each pig was given a slurry of 
800 g diet and 2 litres of water daily at 0800 h and 1600 h 
throughout the experiment. Addttional water was provided ad 
libitum. Within 1 h of feeding, infusions (n=2) of water or 
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Table II.1. Composition and partial chemical] analyses 
of the basal diets. 
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Meat-and- Soybean 
Diets: bone meal meal 
Ingredients (%, as fed) 
Corn starch 63.68 62.78 
Meat-and-bone meal (49.0% CP) 28.60 - 
Soybean meal (48.0% CP) - 30.50 
Tallow | 4.00 4.00 
Calcium carbonate (38% Ca) 2.20 ~ 
Calcium phosphate (17% Ca; 21% P) 0.80 2.00 
Trace mineralized salt! 0.50 0.50 
Trace mineral premix2 0.15 0.15 
Vitamin premix 02015 0.015 
Choline chloride 0.055 0.055 
Chemical analyses (as fed basis)" 
Dry matter, % 92.45+0.03 91 9020225 
Nitrogen, % 2.e2t0.02 2c 132001 
Gross energy, MJ/kg 16.38+0.04 17.06:0.03 


ISupplied by Windsor Salt €o., Toronto, Canada. The composition 
(percentage) was: NaCl, 96.5; Zn0, 0.40; Fe€O,, 0.16; MnO, 0.12; 
Cucm 0-0 3335 Ca(103),, OP U0 7 Col Oy. O04 


2Contributed the following nutrients in milligrams per kilogram of 
diets | Zn) 0G. Custos Mine 2Omhe, «50 Sens 0 Si0n 


3Contributed the following vitamins per kilogram of diet: vitamin A, 
1,300 IU; vitamin, Ds, 150 TU; vitemin G11) JU; menadione, 2. mg. 
bigtin, 0.1 ng; tole atid. 056 mos niacin, 12° mg; pantothenic acid, 
li mgs pyridoxine, 1.1 mos riboflavin, 2.2 mg; thiamines 1.1 meq. 
and vitamin B,», 11 micrograms. 


*Mean + Standard error. 
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Lawn, NJ, USA) was administered into the cannula of each 
pig, using a 50 ml catheter-tip syringe (Table 11.2, 
footnotes 1 and 2). The infusion pattern followed in period 
1 was reversed in period 2 (Table 11.2). The average initial 
and final weights of the pigs during the experiment were 46 
and 54 kg, respectively. 

The feces produced were carefully separated from hair 
and spilled feed. Total feces output was collected once 
daily and placed into separate polyethylene bags. The urine 
was collected in plastic pails containing 200 ml of 5% 
hydrochloric acid; a daily check was made to ensure the 
urine pH was maintained below 5.0. After measuring the daily 
output for each pig, a 1% subsample was placed into a 
stoppered polyethylene bottle. All feces and urine samples 
were frozen and stored at -20°C until required for analysis. 
Samples of diets (about 5g) were taken when the daily 
allowances were weighed into individual paper bags at the 
start of each experimental period. 

Chemical Analyses 

Air dry samples of MBM, SBM, diets and composite 
freeze-dried feces were ground to pass through a 0.8 mm 
screen prior to analyses. The diets were analyzed for dry 
matter, Kjeldahl N and gross energy; and the feces for dry 
matter and Kjeldahl N. The starch used in the infusions was 
analyzed for gross energy; filtered urine samples for 
Kjeldahl N (AOAC 1970). The urea content of urine samples, 


pooled among days for each pig during both periods, was 
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determined with an autoanalyzer (Anonymous 1974). In 
addition, duplicate feed samples and single fecal samples 
(pooled among days) from all the pigs during both periods 
were analyzed for AA content, as described by Sarwar and 
Bowland 1975. 
Calculations and Statistical Analysis 

For each pig, feed intake was determined by subtracting 
the total feed spillage from the amount supplied. Apparent 
digestibilities (AD) of dry matter, crude protein and 
individual AA were calculated as the differences between the 
respective amounts (g) consumed and voided in the feces, and 
expressed as percentages of the total nutrient intakes 
(Kuiken and Lyman 1948). The retained N was taken as that 
proportion of the intake N not excreted in feces and urine. 

The data for each response criterion were subjected to 
least squares analyses of variance (Mehlenbacher 1978). 
Differences among treatment means were determined according 
to the Student-Newman-Keuls’ multiple range test (Snedecor 


and Cochran 1967). 


Di RESULTS 

Analyses of the diets showed a greater recovery of N 
from AA, and similar or higher levels of most indispensable 
AA in the SBM diet rather than the MBM diet (Table I1.3). 
Mean intakes of N during the 5-d experimental period were 
171 24Pand 764.2 90 by the pigs fed MBM sand SBM diets. 


respectively (Table 11.4). This difference was less than 52, 
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Table I1.3. Partial amino acid composition of the diets. 


Diets: Meat-and-bone meal Soybean meal 


Amino acids, % dry matter 


Indispensable 


Arginine L0G 1.08 
Histidine 0.29 / 0.42 
Isoleucine 0.44 0.70 
Leucine 0.93 £19 
Lysine 0.82 0.99 
bechionine 0.24 | 0.23 
Phenylalanine OO. 51 0.76 
Threonine 0.50 0.62 
Valine 0.62 On 7S 
Dispensable 
Alanine teks 0.64 
Aspartic acid ed B73 
Cysteine 0.08 0.24 
Glutamic acid 2.01 2.97 
Glycine 2.03 0.62 
Proline 1.38 0.83 
Serine 0.58 0.74 
Tyrosine 0.23 0.36 
Amino acid N recovery, 4%! 87.38 95.00 


l1Average of two analyses. 
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and therefore was not expected to affect any of the 
parameters measured. 

When the pigs were fed the MBM, as compared to the SBM 
diet, losses of both fecal N and total urinary N were 
greater, and the amount of N retained lower (P<0.01). In 
addition, the level of urea N excreted in the urine was 
higher for MBM (P<0.01, Table 11.4). Lower AD (P<0.01) were 
obtained for dry matter, N and the indispensable AA, except 
methionine (Table 11.5), and most of the dispensable AA, 
including aspartic acid, glutamic acid, proline, serine and 
tyrosine (P<0.01), and cysteine (P<0.05); however, the AD of 
glyeine was higher (P<0.05, Table 11.6). 

The infusion of starch, as contrasted to water, was 
accompanied by an increase (P<0.01) in fecal N and a 
corresponding decrease (P<0.05) in total urinary N output. 
In addition, starch infusion decreased (P<0.05) the amount 
of urea N excreted in the urine but had no effect (P>0.05) 
on the amount of N retained (Table 11.4). Furthermore, 
starch infusion depressed the AD of N (P<0.01) ‘and all 
indispensable AA (P<0.05) except histidine (Table 11.5), and 
most dispensable AA, including glutamic acid and serine 
(P<0.01) as well as alanine, aspartic acid, glycine, proline 
and tyrosine (P<0.05, Table I1.6). Among the indispensable 
AA, the largest decreases (percentage units) were found for 
threonine (8.4), methionine (6.7), valine (6.6) and lysine 
(5.0); among the dispensable AA, the largest decreases were 


obtained, for tyrosine (6.S)0and aspartic acid (5:7). 
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There was no interaction of protein source x infusion 
for fecal N, urinary N, retained N (Table II.4) and the AD 
of dry matter, N, indispensable AA (Table 11.5) and most 
dispensable AA (Table 11.6), suggesting a similar pattern of 
response to starch infusion when the pigs were fed either 
protein source. However, there were interactions (P<0.05) 
for urinary urea N (Table I1.4) and AD of two of the 
dispensable AA: aspartic acid and serine (Table 11.6). 
Starch infusion depressed each measure to a greater extent 
when MBM rather than SBM was included in the diet; 
corresponding decreases (percentage units) were: urinary 
Urea = (o.6 VS 0.2); aspartic acid (815 Vse228) and) serine 
(Si /PavSinlks Gy) - 

The daily output of fecal dry matter was greater when 
the pigs were infused with water and fed MBM as compared to 
SBM (i.e., 247.6 vs 78.19, respectively, Table I1.7). The 
infusion of starch elicited a greater increase in fecal dry 
matter output by the MBM-fed pigs (10.5%) than by the 
SBM-fed pigs (5.6%). There were differences (P<0.05) between 
the feces from pigs fed the MBM diet and feces from pigs fed 
the SBM diets in content of isoleucine, leucine, methionine, 
phenylalanine, glutamic acid, glycine, proline and tyrosine, 
indicating quantitative rather than qualitative effects of 
starch infusion on AA metabolism in the hindgut (Table 
ile7.). fhevettrectrot starch, infusion on the apparent 
increase (appearance) of N and AA (g/d) in the hindgut is 


presented in Table I1.8. The value for N and those for the 
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Diets: 

Infusion: 

Dry matter, g/pig 
Nitrogen, %? 


Amino acids, g/16 
Indispensable 


Arginine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Valine 


Dispensable 


Alanine 
Aspartic acid 
Cysteine 
Glutamic acid 
Glycine 
Proline 
Serine 
Tyrosine 


Amino acid N reco 


1Standard error o 


2Average of three 


Effect of infusion at the terminal 
matter, N and amino acid composition of pigs fed two 


protein sources. 


Meat-and-bone meal 


H,0 Starch 
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2.94 3.29 
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Table I1.8. Effect of starch infusion at the terminal ileum on the 
apparent increase in fecal nitrogen and amino acid 
content of pigs fed two protein sources. 


Diets: Meat-and-bone meal Soybean meal 


Nitrogen, g/d} Te7i ' 0.32 
Amino acids, g/d} 
Indispensable 


Arginine O25 0.12 
Histidine 0.20 0.16 
Isoleucine 0.44 0.08 
Leucine 0.74 0.10 
Lysine 0.76 0.28 
Methionine 0.26 0.10 
Phenylalanine 0.47 0.07 
Threonine 0.61 0.10 
Valine 0.92 0.15 
Dispensable 
Alanine 0.82 0.09 
Aspartic acid 1.41 0.27 
Cysteine 0.06 0.02 
Glutamic acid 1.49 0.31 
Glycine 0.61 0.03 
Proline 0.37 0.05 
Serine 0.55 0.10 
Tyrosine 0.38 0.02 


1Average of 3 pigs per infusion (HO versus starch) for each diet. 
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AA were greater when pigs were fed MBM rather than SBM. 
Among the indispensable AA, the values ranged from 0.20 
(histidine) to 0.92 (valine) for MBM-fed pigs, and 0.07 
(phenylalanine) to 0.28 (lysine) for SBM; among the 

dispensable AA, 0.06 or 0.02 (cysteine) to 1.49 or 0.31 


(glutamic acid) for pigs fed MBM or SBM, respectively. 


E. DISCUSSION 

The infusion of up to 3 litres of water daily into the 
cecum of pigs each fitted with a single cannula was found to 
have no effect on N balance and the AD of protein (Just et 
al. 1979). Thus in the present study, it was not expected 
that infusion of water (400 mi/d) would afffect N balance 
and the AD of N and AA. 

Both MBM and SBM are protein sources commonly used to 
complement cereal grains in pig diets in North America. As 
in previous studies (e.g., Aherne et al. 1979), the present 
experiment showed the protein quality in MBM to be inferior 
to that of SBM, as exemplefied both by lower levels of most 
indispensable AA (Table 11.3) and lower AD of indispensable 
and dispensable AA (Tables 11.5 and 11.6, respectively). As 
a consequence, reduced amounts of AA were available for 
absorption and subsequent utilization for protein synthesis, 
resulting in lower N retention when pigs were fed MBM 
(23.8%) than with SBM (50.3%), Table I1.4. 

The large differences (percentage units) observed 


between the AD of N (crude protein) and those of 
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indispensable AA (arginine +11.2, and isoleucine -5.2, in 
MBM; arginine +7.6, and methionine -7.6, in SBM) suggested 
that the precise formulation of practical pig diets could 
not be based on AA digestibility values calculated from the 
AD of crude protein and the AA analysis of the protein 
supplement (Just 1973). Rather, the digestibility of the 
individual dietary AA must be considered (Zebrowska 1978, 
Tanksley and Knabe 1980). 

The role of the hindgut microflora in the degradation 
of undigested protein residues and the resulting effect on 
the validity of the fecal analysis method have been studied 
in experiments with pigs fitted with cannulas at the end of 
the small intestine. Most workers (Sauer 1976, Sauer et al. 
1977a,b, 1979, Zebrowska and Buraczewski 1977, Tanksley and 
Knabe 1980) found AA digestibilities to be higher when 
measuredninn thee feces»than, at the terminal ileum, indicating 
net AA disappearance in the hindgut. Just (1979) also made 
similar observations, but reported differences were of 
smaller magnitude. In contrast, others (Holmes et al. 1974, 
Sauer et al. 1980) have reported greater ileal than fecal 
digestibilities \for’certain AA,’ indicating>netysynthesis of 
AA in the hindgut. These latter findings are substantiated 
by results of the present study (Table I1.8). Only one 
report (Poppe and Meier 1977) indicated no differences 
between ileal and fecal AA digestibilities, and attributed 
the differences reported by the other researchers to 


technical problems relevant to the location of the ileal 
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cannula. 

The digestibility of N measured at the terminal ileum 
of pigs fed MBM and SBM diets was shown to be 61.7 and 
72.4%, respectively (Zebrowska and Buraczewski 1977), and 
that of cornstarch 98.2% (Sauer et al. 1977a). In the 
current experiment, therefore, the approximate daily amounts 
of protein residues (undigested dietary plus endogenous ) 
expected to enter the hindgut of each pig fed the MBM and 
SBM diets were 85 and 59 g, respectively. About 18 and 218 g 
total starch would be present in the hindgut of the water- 
and starch-infused pigs, respectively. The increased amount 
of energy relative to protein (40.2 and 58.0 vs 3.3 and 4.8 
KJ/g in the starch- vs water-infused pigs fed MBM and SBM, 
respectively) was expected to markedly enhance microbial 
activity e(Masonvand Palmer 41973%eMason etcala 19%6)moThis 
was demonstrated by increased AA synthesis in the hindgut 
(Table 11.8), and thus increased fecal N excretion, and 
concomitantly decreased total urinary N excretion. 

A possible explanation for the changes that occurred in 
the route of N excretion following starch infusion is that 
ammonia, the major N end product of protein digestion in the 
hindgut (Zebrowska 1975, Hodgdon 1977, Hodgdon et al. 1977), 
instead of being absorbed through the hindgut, was being 
used for de novo synthesis of microbial protein voided in 
the feces. As a result, there was increased output of fecal 
N and AA, which was reflected in decreases in the AD 


(percentage units) of N (3.5), indispensable AA (5.0) and 
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dispensable AA (6.2). Since less ammonia was available in 
the hindgut, there was a reduction in the amount absorbed 
into the blood (Hodgdon 1977, Hodgdon et al. 1977), and 
consequently a decrease in excretion of urinary urea N and 
total urinary N (Table 11.4). It was likely that starch 
infusion, by decreasing ammonia absorption from the hindgut 
into the blood, might result in a saving of metabolic energy 
to the animal. Less ammonia would become available for 
amination, transamination and conversion into urea, all of 
which processes require expenditure of metabolic energy 
(Lehninger 1975). Furthermore, ammonia from recycled urea 
(P.A. Thacker and J.P. Bowland 1981, Pers. Comm.) would 
become available in the hindgut. With energy no longer 
limiting for microbial activity, additional ammonia would be 
incorporated into microbial protein voided in the feces 
(Mason and Palmer 1973, Mason et al. 1976, Mendez-Pereira et 
al. 1977). Therefore, the results of the current study may 
explain observed increases in the levels of AA between the 
terminal ileum and the feces, when diets of relatively low 
digestibility were fed to pigs fitted with ileocecal 
reentrant cannulas (Sauer et al. 1977b, 1980). 

The interaction of protein source x infusion for total 
urinary N, as well as for the AD of aspartic acid and 
serine, indicated that bacterial proteolysis, deamination 
and de novo ee synthesis occurred to a greater extent 
when the pigs were fed the poorly digestible MBM rather than 


SBM, and infused with starch rather than water. More protein 
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residues and starch were available in the hindgut of the 
starch-infused pigs fed MBM. Also, it was likely that, 
because of higher blood urea N in the pigs fed the poor 
quality protein from MBM relative to SBM (Brown and Cline 
1974), more blood urea would be secreted into the digestive 
tract (Mosenthin 1981), resulting in further ammonia 
incorporation into microbial protein. In the present study 
when MBM was fed, starch infusion increased the fecal AA 

e cheuloneg/d) (fromi4nsrtors, /aforraspanrtiesaeidy and 20 
to 2.6 for serine; when SBM was fed, corresponding increases 
were smaller, i.e., 3.0 to 3.3 and 1.3 to 1.4, respectively 
(Table 11.8). 

The observation that the AD of individual AA were 
reduced by starch infusion clearly indicated that when a 
given protein supplement is fed in a mixed diet, the 
digestibility of the starch at the end of the smal! 
intestine, and therefore the amount entering the hindgut, 
must be taken into account (Mason and Palmer 1973, Mason et 
al. 1976). Ignoring this would lead to two types of errors. 
First, AA availabilities (measured by AD, and reflecting the 
amounts of AA available for absorption) might be 
overestimated (Zebrowska 1975, Sauer et al. 1977a,b, 
1979,1980, Zewbrowska and Buraczewski 1977). This occurs 
whenta thigh by (digestible starch" -e:gi>scornstarchi= 1s fed 
(Mason and 1973, Mason et al. 1976) and was simulated by 
water infusion in the present study. Microbial proteolysis 


is followed by deamination (disappearance) of AA. Ammonia is 
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absorbed from the hindgut into the hepatic portal blood 
(Hodgdon 1977, Hodgdon et al. 1977), and excreted in the 
urine, mainly as urea (Zebrowska 1975, Just et al. 1979). 
The second possible form of error is that AA availabilities 
might be underestimated. This occurs when a poorly 
digestible starch — e.g., potato starch — is fed (Mason and 
Palmer 1973, Mason et al. 1976), and was simulated in this 
study by starch infusion. In this latter case, the ammonia 
is utilized by the microflora for the synthesis of AA, which 
are excreted in the feces. The latter error tends to be 
magnified when a protein of lower digestibility (e.g., MBM 
as opposed to SBM) is fed in a diet containing a poorly 
digestible source of energy. 

The present results showed that the excretion of N via 
the feces and the urine was affected by the infusion of 
starch at the terminal ileum. The amount of starch 
(fermentable energy substrate) entering the hindgut 
determined the extent of microbial degradation of undigested 
protein residues and subsequent synthesis of microbial AA to 
be voided in the feces, thereby increasing fecal N and AA 
excretion, and consequently decreasing AD measurements. At 
the same time, there was a decrease in urinary N excretion. 
Starch infusion had no effect on the amount of N retained by 
the prgsesim conclusion i tuisecileare thatthe sourceton 
carbohydrate included in the diet is one of the factors that 


determine the AD of N and AA of a given protein supplement. 


es i ont 5 toa e 


oe ee Ay a wena oer ih a o Pa es 


a fi ° OMe ie Ygrnk 
nie 


: ae tt rant? ee any: tae ‘sl Te NG 


ht Ah Se er) 


Eire at a ates oe | 
aes el ot =i) cc) Pw o oa > ogi wren 
yt ete, Pe eee weed tet Se, nck: Cas pit co pena, vel 


ath a ae a it pit ee ‘i nat 
Hal Gite! og. waited, ae aa tt ord nat 


al et 7 4 ty Mi tahtline an) = r) Sahin) a 
ion 3 A ee of ‘. 


on aA aged a ef wih hd ai il + is prin ai dete 


betenr Ly st) ) al j nie 1a i cnt ‘ | anseoreimy ‘tz, stein cre By pantie 


eyagat batty hi uli abel mige ice ileal apap haan, re ze 


- P bie i S ¥ paa oy rind, ‘ il hy whine SAL tw ie 


erin tt, eas ana ib on * sip ‘a if _ 
ibs hacia i AG sanite OF bart. ng i 


ee 


My Te 
egit a wastn wl, t al ane nh, eating 


Me At 


oe ha att ot dott opti. ni pavers au a5 pethony 


ue bee's 7 ) oo i " 


Pat ea fie? cet Aas ma Asha 
hil add hi hectitecd Le 


32 


F. REFERENCES 


Aherne,F.X., W.C. Sauer and R. Berg. 1979. An evaluation of 
the nutritive value of meat-and-bone meal. Univ. of 
Alberta 58th Ann. Feeders’ Day Rep., pp. 10-12. 


Anonymous. 1974. Urea nitrogen. Autoanalyzer Method No. 
SE40001FD4. Technicon Instruments Corp., Tarrytown, NY. 


AOAC met. 10) OF fii cia} Methodsicof “Analysis '614th Ed. ). 
Association of Official Analytical Chemists, Washington 
A. DC! 


Brown, J.A. and 7.R. Cline. 1974. Urea excretion in the pig: 
an indicator of protein quality and amino acid 
requirements. J. Nutr. 104: 542-545. 


Cunningham, H.M., D.W. Friend and uU.W.G. Nicholson. 1963. 
Observations on digestion in the pig using a reenterant 
Mtestitnalwt is tudlasrCans rue “AmaimenSc tmit4e sui 57 225e 


Eggum eB r@7, Ma@eFeKkadu, J.9Wolstrop; W.C. Sauer and A. Just. 
1979. The effect of dietary antibiotics on protein and 
energy metabolism in rats: Possible significance of the 
qutimterofioray) vustocimmed. “Agma SOs phet- aed 


Gargallo, J. and D. Zimmerman. 1981. Effect of casein and 
starch infusion in the large intestine on nitrogen 
metabolism of growing swine. J. Nutr. 111: 1390-1396. 


Hodgdon, E.S. 1977. Protein digestion in the large intestine 
of the pig. M.Sc. Thesis. Faculty of Graduate Studies, 
Univ. of Guelph, Ontario, Canada. 


Hodgdonm buSaenhaD. SHorpmey and theSatBay ley? 19:7 7..Nitrogen 
metabolism in pigs receiving soybean and rapeseed meal. 
Gangnd. RAninsiSc i254: G632, bAbst mar 


Holmes, J.H.G., H.S. Bayley and P.A. Leadbeater. 1974. 
Digestion of protein in small and large intestine of the 
CHa een INU ER. 2a he “AO. 


Just; A. 1979. Ileal digestibility of protein: applied 
aspects, in; A.G. Low and 1.G. Partridge. (eds-). Current 
Concepts of Digestion and Absorption in Pigs. National 
Institute “for ‘Research in Dairying, Reading. pp. 66-75. 


Just, A., H. Jorgensen and J. Fernandez. 1979. The digestive 
capacity of the caecum-colon and the value of the 
nitrogen in the hindgut for protein synthesis in pigs. 
30th Ann. Meet. European Assoc. Anim. Prod., Harrogate, 


ih NE ase Tl ley Ba CEE ck Ns oe a ira 
Fe ite Gave Si Oat Mh: ue APMP OF f 
py, , A mn i ee ae nee x ae 


: ol bee aed | ee Wi anaes pre . sn si 
Ts wil ae Oh NO SO jitn* ; hoc! i ‘eh 


as shins Lich in ae , oe oe Pe " rc We i ed 
weit New Ws, ce Perio) Vee tyr we 


a Da ee Pi nie ee aoa ne 7 
Rey te a ed Me eT a it a Mi ” a 
oe op ae of if 


fe she ae i ry ie: ar, wy 4 | PuiG a is ‘2 in tt ie he r oT 4 
se ee a Se aa 83 7“ rie, prot 7 
jy es He fi E . f ne bid a tj t bai a wha * ; . bay . ut an v 4 sibli V 


Tay) 25. HAE Tey ht Sh Beet Oe Oe Line aii we i 
Le phe eae ns RR RRA ME ALE) he 25> ie ‘i in it 
rh ie tC a ig Bi ie ue a ir : = ‘a F avy ig im ¥ fe % ie rin F. if q bebe i ; ite 7 ¥ 


Pl ey an ys ge YL -- ee : " be age af 
EE ey eit in | ees Carte to bhi pirgeata 


bry ete kas 15 a4 ta tee mise ae 7? i 
. riage) ai" . q nF eg ee ; ey F a ng ms a? ‘ nly phe on ee 7 " ark 
AL ee “i ee Me ay mM ¥ Na hoata: 


= Pa nite’ ees bea 5 es rif, . niga Sith gt ha ele a - > ee m Mi a y 
fA Aid eer Suny if OO MIRE oe done Ce, Bee ie ge 
het ra, 0 eae aaa a hiner Ve. 


r fe MAAS Fe Vi ius va J Lert bay j tar j i ‘ are rah ar 0 ‘* , é 
ate ree ae Pee <G oe ieoyat ‘int i 4) a mel 
a | beet A a ea" ae . ee tae Jes. 


ch ly a is i ig iat i€.0 ) 
ae 5) 8), Ona ts err Wats A Ge nD Fae 
ve ou ce eVk vt, re Pal ye ks 


es ' 
aie ie {we . ! aiet: be es 
‘iA tab aes | 
ani. Yh, 9 tnt . 
: i Mon i 
7 - eee A 
pa. These pb a. 7 
| ceo Ab % ian 


IS oot on 


pr - 


21) 


England. 


RoTKen, KhAe and CM. Lymant) 1846. Availability offamine 
acids in some foods. J. Nutr. 36: 359-368. 


Lehninger, A. 1975. Biochemistry (2nd Ed.). Worth 
Publishers, Inc., : 


Mason, V.C. 1979. Role of the large intestine in the 
processes of digestion and absorption in the pig. In: 
A.G. Low and 1.G. Partridge (eds.}. Current Concepts of 
Digestion and Absorption in Pigs. National Institute for 
Research in Dairying, Reading. pp. 112-129. 


Mason, V.C., A. Just and S. Bech-Anderson. 1976. Bacterial 
activity in the hindgut of pigs. 2. Its influence on the 
apparent digestibility of nitrogen and amino acids. Z. 
Tierphysiol., Tierernahrg. u. Futtermittelkde 36: 

3 O>324- 


Mason, V.C., M.P. Narang, JUJ.C. Ononiwu and P. Kessank. 1977. 
The relationship between nitrogen metabolism in the 
hindgut and nitrogen excretion. 2nd Internat’ 1. Symp. on 
Protein Metabolism and Nutrition, May 1977, Flevohof 
(Netherlands), pp. 61-63. 


Mason, V.C. and R. Palmer. 1973. The influence of bacterial 
activity in the alimentary canal of rats on fecal 
Mmubrogen excretion. Acta Agricy.scand:, 23:2) 141-150" 


Mehlenbacher, L.A. 1978. Programs for least squares analysis 
of variance and covariance. Dept. of Anim. Sci., Univ. 
of Alberta, Edmonton, Canada (mimeo). 


Mendez-Pereira, E., R. Pion and J. Prugnaud. 1977. 
Utilisation digestive apparente des acides amines de 
quelques aliments chez le rat en croissance. Ann. Biol. 
anim. oBiochem.’ Biophys. 172° 6255631. 


Mosenthin, R. 1981. Blood urea as a source of nitrogen for 
bacteria in the intestine of the pig. Presented at the 
Vilinternat’> MeAminotacidvSympos 1um? iServocrnw, Poland: 
vue sto 198 Te 


Nesheim, M:C. and K.J. Carpenter. 1967. The digestion of 
heat®damaged protein. .Breeu. Nutr. 207.3994 7. 


NRC. 1979. Nutrient Requirements of Domestic Animals, No. 2. 
Nutrient Requirement of Swine. 8th Rev. Ed. National 
Academy of Sciences-National Research Council, 
Washington, DC. 


Poppe, S. and H. Meier. 1977. Assessment of true . 
digestibility of amino acids and its value in swine. 


34 


Proc. 2nd Internat’1. Symp. on Protein Metabolism and 
Nutrition. Flevohof, Netherlands, pp. 79-81. 


saiters DAN vahdeR.dathul fords 1974 ,eThemint tuence tof the 
gut microflora on the digestion of dietary and 
endogenous proteins: studies of the amino acid 
composition of the excreta of germ-free and conventional 
Gnichscesnerd..€NUthrEtoceeO2 5 a6sT 


banwar, G. and U.P. Bowland) 1975. Availability of amino 
acids in wheat cultivars used in diets for weanling 
balism Gdniau a AnimiMsSc#itbo? 5795586" 


Sauenm (We !ni976."bactors aftecting amino acid 
availabilities for cereal grains and their components 
for growing monogastric animals. Ph.D. Thesis, Faculty 
of Graduate Studies, Univ. of Manitoba, Winnipeg, 
Canada. 


sauer, W.-C. , A. Just, H.-H. Jorgensen, M. Fekadu and: B.0. 
Eggum. 1980. The influence of diet composition on the 
apparent digestibility of crude protein and amino acids 
at the terminal ileum and overall in pigs. Acta Agric. 
Seand. 30: 449-459. 


Sauer, W.C. J.JuJ. Kennelly and F.X. Aherne. 1979. Amino acid 
digestibilities in pigs for different barley and wheat 
cultivars. 58th Ann. Feeders’ Day Rep., Univ. of 
Miberta, op. 26-28. 


sauers WoC, oO. Stothers and G.D. .Philitps. 197/7a. 
Apparent availabilities of amino acids in corn, wheat 
ane pat Ley stor -GrowmaG pigs. Can. Ua cAnims oCie - oi: 
Boor oO s: 


Sauer. oWaCry,65.Ga OLOLNeRS dna Reveeearnens 19//b Apparent 
true availabilities of amino acids in wheat and milling 
byV=preducts for growing pigs. Caneaus Anim. soja ov a> 
-784. 


Snedecor, G.W. and W.G. Cochran. 1967. Statistical Methods 
(6th Ed.}). Iowa State University Press, Ames, IA. 


lanksiteyy 1-Di, sUre cand D. Knabe: 1980.) Availability or 
amino acids for swine. Proc. Arkansas Nutrition 
Contenence.) UCh a o> 10, Depia AnimMa cCl. Unive. Of 
Arkansas. pp. 1712. 


Thacker, “PaA. "and U.P. Bowland 1981. Efgects of graded 
protein levels on urea recycling in the pig. Dept. Anim. 
Sci., University of Alberta (Pers. Comm. ). 


Zebrowska, 7. 1973. Digestion and absorption of nitrogenous 
compounds in the large intestine of pigs. Rocz. Nauk. 


ve os 2p : 


a sea “16 a 
Sil wer ei teal ray 


, 1 Were nines Bt 

¥ . eee | on his mene) a . | 
“Teo! pmevitoe ‘, "Bae = My hap. es 
i eae ae a ay eee ig | ee ue Xie iy 
ABER IST Ray me 


now ave 


rar a ern: BRO ited, Te es: ee a ce ie re | eet he 
is ¢ y spe + | ‘ee B pos a \ Me. Sane Ds : is | Det reg » bi med prt wig pH 7 f 
CE A Oa NI ON PRP oe aah aad * sian | 


eH aa ‘a » ee ee i": F100 ad Week uth? ) Se Peek ert ig ; ce | el My 

ape | pha egy ar aya Pie | PLA abe ie ee ek yy Pei tehe j yh gh ] fie "i 

Ue ie be ee ee ee Ge) oh 7 ae i aah eval acne 
a ea Br wien aifay aa bain nate ere 


WE 


pli bg hy yet iy ee iy vale ie * * at TO Cadi. a 7 & neh I ha ti 
oo 4 i? 3 ie be ; poe - ak ia ft: i Ta eel im 


| tA | perth: ha era ae bane pe 
es Sat he, Say) | Pe ie i why ey! EA, ate 


yeriegns. ath e) Caviat i! niet athe. mei ihe - a or i 
Ce ee RE PO SS Ta a RE SC eer 5 ee Gor Mal feted Faun Wee: 
mee AOE | AOR i oa Teng tah. whinge ane ~ 


ye 
, 
1 Da ; 


i a | 


i em VG 0S Rpt Ao Sb nae cary ted oe he 


y 


ain: 2a. ih | eve i : oe ey nd hee . aves Jc 


- i . : , 
igre ! ie aR ieee sition ‘cc or -s. 
2 eK arly ae Re! il, hie ee mt i he? at)! ct PERS 
vig wey athe “7 ‘when ba es , ‘ vg adat (LR. ere lng 

" ; ay - iv ; Peri 7 ss 7 at ye - * Ne iui 
Bey a iel*s re ee teen, A 8) Co 
se * : : a aa : y ar 2 Ye j 

Re Je Ca Risa Nite, 1 end it 
) a sae . ay fet an a 'e, av in ve u oe, 
? 3 aA ! 7 a f 


— 


35 


REWMneh O43. Go 90: 


Zebrowska, T. 1975. The apparent digestibility of nitrogen 
and individual amino acids in the large intestine of 
DIOS snOcz. INAUMKa ROMN. GE ore i bho. 

Zebrowska, T. 1978. Determination of availabile amino acids 
in feedstuffs for monogastrics. Feedstuffs. 50(53): 
toe 45-440 Dec). 


Zebrowska, T. and S. Buraczewski. 1977. Digestibility of 
amino acids along the gut of pigs. 2nd Internat’ 1. Symp. 
on Protein Metabolism and Nutrition. Flevehof, 
Netherlands. May,1977. pp. 82-85. 


IJI. NITROGEN AND AMINO ACID METABOLISM IN THE HINDGUT OF 
PIGS FED BARLEY OR WHEAT DIETS AS AFFECTED BY THE INFUSION 
OF CORNSTARCH AT THE TERMINAL ILEUM2 


A. ABSTRACT 

Growing pigs (40 to 45 kg liveweight) were each 
surgically fitted with a single T-shaped cannula at the end 
of the small intestine, and fed diets consisting of barley 
or wheat which served as sole sources of both energy and 
protein. Cornstarch (CS, 200 g/d) or water (400 g/d) was 
infused through the cannulas and the effects on the 
metabolism of nitrogen (N) and amino acid (AA) in the 
hindgut were studied. Infusion of CS, as opposed to water, 
increased excretion of fecal N (P<0.05) but decreased 
excretion of total urinary N (P<0.01). There was no effect 
(P>0.05) on the amount of N retained or the urinary urea N 
content. In addition, starch infusion significantly 
decreased the apparent digestibilities (percentage units) of 
N (6.1); indispensable AA: lysine (14.4), threonine (8.5), 
isoleucine (8.4) and histidine (6.2); and dispensable AA: 


alanine. (19.2). aspartic acid (10.5), tyrosine 27) and 


2 A modified version of this chapter has been published by 
the Journal of Animal Physiology and Animal Nutrition 
(Zeitchrift fur Tierphysiologie, Tierernahrung. u. 
Futtermittelkde), West Germany. Misir, R. and W.C. Sauer. 
198ib. Nitrogen and amino acid metabolism in the hindgut of 
pigs fed barley or wheat diets as affected by the infusion 
of maize starch at the terminal ileum. Z. Tierphysiol., 
Tierenahrg. u. Futtermittelkde. 46: 221-233. 
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glycine (8.0). The same pattern of digestibility decreases 
was observed for both diets, but in general the magnitude of 
these decreases tended to be greater for barley than for 
wheat. These decreases could be attributed to the apparent 
synthesis of AA in the hindgut. Results indicated that the 
route of N excretion as well as the proportions of N 
excreted via feces and urine were affected by the amount of 
CS (energy substrate) entering the hindgut. When energy was 
limiting (water infusion), undigested protein was degraded 
by the hindgut microbes and the resulting N end products 
excreted largely in the urine. When energy was not limiting 
(CS infusion), the microbes utilized N end products of 
protein degradation for de novo synthesis of AA (proteins) 
which were excreted in the feces. In the former case, 
therefore, apparent AA digestibilities, measured by the 
fecal analysis method, were overestimated; in the latter 
case, these measures were underestimated. In determinating 
the AA availabilities from protein sources, the effects of 
the hindgut microflora on N and AA metabolism must be 


considered. 


B. INTRODUCTION 

Fon toptimaliegrowth and pemformance, "pigs require 
balanced diets which provide adequate levels of all 
nutrients, including energy and AA. As commonly used 
ingredients of pig diets, cereal grains serve as major 


sources of both energy and AA. Requirements for additional 
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AA are usually met by supplementing the diets with one or 
more protein-rich feed ingredients such as fish meal, 
meat-and-bone meal, canola meal and soybean meal (NRC 1979) 
In the previous experiment (Chap. II), growing pigs 
were fed a diet containing CS (of high ileal digestibility) 
supplemented with meat-and-bone meal or soybean meal as sole 
sources of protein. Additional starch was made available to 
the microflora of the hindgut via infusion at the terminal 
ileum. The results indicated that the metabolism of N and AA 
in the hindgut was influenced by the presence of starch as 
an energy substrate for microbial activity. Starch infusion 
changed the pathways of N excretion, as was shown by an 
increased excretion of fecal N and a concomitant decrease in 
total urinary N, including urinary urea N. There was no 
effect on the amount of N retained. The increase in the 
excretion of fecal N and AA resulted in marked decreases in 
their apparent digestibilties. These decreases were more 
pronounced when the protein source was meat-and-bone meal 
rather than soybean meal which has a higher apparent 
digestibility of N, measured at the end of the small 
intestine. Clearly, these results cast doubt on the validity 
of the fecal analysis method (Kuiken and Lyman 1948) which 
takes into account only the amounts of individual nutrients 
(e.g., crude protein and AA) ingested in the diet and 
excreted in the feces, while ignoring the metabolic 
processes in the hindgut. An underlying assumption of this 


method is that there is no transformation (synthesis or 
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degradation) of residual dietary protein and AA in the 
hindgut arising from microbial action. However, several 
workers have reported net degradation and disappearance of 
AA (Cho and Bayley 1972, Zebrowska 1973, 1975, 1978, Mason 
et al. 1976, Hodgdon et al. 1977, Sauer et al. 1977a,b, 
1979, 1980, Zebrowska and Buraczewski 1977, Just et al. 
1979, Low 1979, Tanksley and Knabe 1980) or net synthesis 
(Cho and Bayley 1972, Holmes et al. 1974, Mason et al. 1976, 
Sauer et al. 1977b, 1980, Low 1979, Sauer and Just 1979, 
Just et al. 1980). The extent of degradation or synthesis of 
individual AA seems to be dietary dependent, with fibre 
level (Sauer and Just 1979, Just et al. 1980, Sauer et al. 
1980), protein source (Carlson and Bayley 1970, Cho and 
Bayley 19872, Hodgdon et al. 1977, ZebrowskKa and Buraczewski 
1977, Zebrowska 1978, Tanksley and Knabe 1980, Misir and 
Sauer 1980, 1981a), starch type (Mason and Palmer 1973, 
Mason et al. 1976) and starch pretreatment (Livingstone et 
al. 1977), being important determinants. Therefore, the 
fecal analysis method may overestimate or underestimate the 
amounts of AA actually available for absorption and 
subsequent protein synthesis by the pig. 

The objective of the present investigation was to study 
the effects of CS infusion at the terminal ileum on the 
metabolism of N and AA in the hindgut of pigs fed diets 
containing barley or wheat. Apart from being sources of 
energy, these cereals also provided the only source of AA to 


the pigs. 
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C. MATERIALS AND METHODS 

Six Yorkshire x Lacombe barrows, ranging in initial 
body weight from 40 to 45 kg, were each surgically fitted 
with a single T-shaped cannula at the end of the small 
intestine, approximately 5 cm from the ileocecal junction. 
Surgical procedures, cannula design, postsurgery care and 
management of the cannulated animals before being put on 
test, room conditions, metabolic cages used to house the 
animals, and procedures for sample collections have been 
described (Chap. I1). 

Each of the experimental periods (n=2) consisted of a 
5-d adaptation period followed immediately by a 5-d 
collection period. At the commencement of the experiment, 
pigs (n=3) were randomly selected and fed diets (n=2) 
containing the same percentage barley or wheat. Vitamins and 
minerals were added at or above NRC (1979) specifications 
(Table II1.1). Prior to being mixed with the other 
ingredients, the grain samples were ground to pass through a 
2mm screen. To facilitate pelleting, water (5% w/w) was 
added to each complete diet which was then thoroughly mixed 
in a Hobart food mixer (Toronto, Ontario, Canada). The diets 
were then pelleted (without steam) by means of a Superior 
Temp lewood machine (Hopkins, Minnesota, USA) equipped with a 
5 mm die. Thereafter, the pelleted diets were spread thinly 
(1 cm) >toain-dry onva concrete Tloor. 

Each pig was given 800 g diet twice daily, at 0800 h 


and 1600 h throughout the experiment. Water was provided ad 
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libitum. Within a period of 1 h following feeding, infusions 
(n=2) of water or a slurry of CS (100 g/d) was administered 
gradually through the cannula of each pig, using a 50 ml 
catheter-tip syringe. The infused CS provided 15.2 MJ of 
gross energy. The infusion pattern followed in period 1 was 
reversed in period 2 (Chap. II, Table I1.2). The average 
initial and final weights of the pigs during the experiment 
were 54 and 60 kg, respectively. 
Chemical Analyses 

Samples of diets and composite freeze-dried feces were 
ground to pass through a 0.8 mm screen prior to analyses. 
The diets were analyzed for dry matter, Kjeldahl N and gross 
energy; feces for dry matter and Kjeldahi N. A sample of CS 
used in the infusions was analyzed for gross energy; urine 
samples from each pig (pooled among days for each period) 
for Kjeldahl N (AOAC 1970), and also for urea N, using an 
autoanalyzer (Anonymous 1974). Furthermore, duplicate feed 
samples and single fecal samples for all the pigs during 
both periods were analyzed for AA content as described 
(Sarwar and Bowland 1975). 
Caiculations and Statistical Analyses 

Total feed intake, N balance and apparent 
digestibilities (AD) of dry matter, crude protein and 
individual AA, were calculated as described (Chap. I1)}. 

The data for each response criterion were subjected to 
least squares analysis of varianace (Mehlenbacher 1978). 


Differences among treatment means were determined by the 
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Student-Newman-Keuls’ multiple range test (Snedecor and 


Cochran 1967). 


D. RESULTS 

Both barley and wheat diets had similar jevels of gross 
energy, i.e., 16.60 and 16.51 Mu/kg, respectively (Table 
IIlI].1). Analyses of the diets showed lower levels of most AA 
in the barley than in the wheat diet; however, the levels of 
lysine and threonine were similar (Table II1.2). Daily feed 
dry matter consumption was similar for both diets (1425 and 
1419 g for the barley and wheat diets, respectively) ; 
however, the daily intake of N (Table I11.3) was lower for 
the barley-fed pigs (27.0 g) as compared to the wheat-fed 
pigs (36.19), reflecting the different N contents of the 
two diets (Table II1.1). 

As a percentage of the respective N intakes, pigs fed 
the barley as compared to the wheat diet excreted more N in 
the feces (P<0.01); however, those fed the wheat diet 
excreted greater amounts of total urinary N (P<0.01), 
including urinary urea N (P<0.01). There was no difference 
(P>0.05) in the amount of N retained (Table I11.3). In 
addition for the barley diet, there were lower AD for dry 
matter (P<0.01), crude protein (P<0.01) and indispensable 
AAP arginine (P<0701), histidine (P<0.0tj, Tsoleueine 
(P<0.05), leucine (P<0.01), lysine (P<0.05), phenylalanine 
(P<0.01), threonine (P<0.01) and valine (P<0.01), Table 


111.4; and dispensable AA: alanine (P<0.01), aspartic acid 
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Table IJI.1. Composition and partial 


diets. 
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chemical analyses of the basal 
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Diets: 


Ingredients (%, as fed) 
Barley (11.3% CP) 
Wheat (14.9% CP) 
Tallow 


Calcium carbonate (38% Ca) 


Calcium phosphate (17% Ca, 21% P) 


Trace mineralized salt! 

Trace mineral premix2 

Vitamin premix 

Choline chioride 
Analyses (as fed basis)" 

Dry matter (%) 

Nitrogen (4%) 


Gross energy (MJ/kg) 


OO 5%. 
0.055 


90.6240.25 
12 72:0.01 
16.60+0.03 


Wheat 


95.28 


895 
ee 
16. 


1.25 
YRS 
-50° 
«15 
~O1S 


oO 2O: "SO  7O oO 


«055 


11+0.21 
272002 
5140.03 


152,3Source and composition of the trace mineralized salt, trace 
mineral and vitamin premixes were the same as described, 


Table II. I, footnotes 1 


4Mean + standard error. 
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Table I11-2. Partial amino acid composition of the diets. 


Diets: Barley Wheat 


Amino acids, % dry matter! 


Indispensable 


Arginine 0.57 0.68 
Histidine 0.25 0.36 
Isoleucine 0.44 0.55 
Leucine 0.84 1.01 
Lysine 0.43 é 0.40 
Methionine. 0.21 0.26 
Phenylalanine 0.63 0.76 
Threonine 0.43 0.45 
Valine 0.62 0.66 
Dispensable 
Alanine 0.46 0.51 
Aspartic acid 1a ap | 0.72 
Cysteine Gn8 0.18 
Glutamic acid ude 5% 02 
Glycine 0.45 O53 
Proline Es37 Let9 
Serine 0.50 0.68 
Tyrosine 0225 0.32 


1Average of two analyses. 
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Table III.3. Effect of grain and infusion at the terminal 
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ileum on 


nitrogen balance and urinary urea nitrogen in pigs. 


Factor Intake N 


gy Sdzee 
Grain (G) 
Barley 13551 
Wheat 180.7 
SEM! : 
Infusion (1) | 
H,0 153.2 


Cornstarch (CS) ew eee 
SEM = 


Gx 

Barley x H,0 $35.2 
Barley x CS 134.9 
Wheat x H0 Vet. 
Wheat x CS 180.3 
SEM | 2 


MStanaard error of the mean. 
2 


Fecal N 


28. 


w Nm co &> © 


Urinary N 


Retained N 


% of intake WN 


3853 
Dhog 
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Usui) glutamic actd (P<0e01)) = glycine (P<0.01))oroline 
(P<0.01), serine (P<0.01) and tyrosine (P<0.05), Table 
IIl1.5. For both grains the digestibilities of individual AA 
were markedly higher or lower than that of the respective N 
(crude protein). For the indispensable AA, the values 
(percentage units) ranged from -16.6 (lysine) to +8.7 
(phenylalanine) for barley, and from -16.1 (lysine) to +5.0 
(phenylalanine) for wheat (Table II1.4); for the dispensable 
AA the range differences were larger, i.e., from -13.2 
(alanine) to +17.3 (proline) for barley, and from -9.2 
faspartic acid) to #10°9 (oreline) for smear uToe le Teak. 
The infusion of CS, as opposed to water, increased the 
excretion of fecal N (P<0.05) and concomitantly decreased 
total urinary N (P<0.01). There was no effect (P>0.05) on 
the amount of N retained or the content of urea N in the 
urine (Table i1l.3)e Furthermore, CS«imfusion decreased) the 
AD of dry matter (P<0.01), N (P<0.05), the indispensable AA: 
arngiumine (P<0..05)% histidine, (P<0 05) sisoleucine (P<0.05), 
lysine (P<0.05), phenylalanine (P<0.05) and threonine 
(P<0.01), Table II11I.4; and the dispensable AA: alanine 
(PXO0.05), aspartic acid (P<0,01), .olutamic  aoudenP<0,.05)> 
glycine (P<0.05), proline (P<0.05), serine (P<0.01) and 
tyrosine (P<0.05), Table III.5. For the indispensable AA, 
the largest significant decreases (percentage units) were 
observed for lysine (14.4), threonine (8.5), isoleucine 
(8.4) and histidine (6.2), whereas for the dispensable AA, 


the largest decreases were for alanine Vises) asoer ti caacid 
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(10.5), tyrosine (8.7) and glycine (8.0). 

There was no grain x infusion interaction for any of 
the parameters including fecal N, total urinary N and 
urinary urea N, retained N, and AD of dry matter, crude 
protein and all AA, indicating a similar pattern of response 
to CS infusion when either grain was fed (Tables I11.3 to 
5). In general, however, the magnitude of the responses, and 
especially AD values, tended to be more pronounced when 
barley rather than wheat was fed. 

There was no difference in the content of N and levels 
of AA, except proline (P<0.05), in the feces produced by 
both the barley- and wheat-fed pigs. Infused CS had no 
effect (P>0.05) on fecal AA composition (Table I11.6), 
suggesting quantitative rather than qualitative effects of 
energy infusion on AA metabolism in the hindgut. 

The apparent increase (net synthesis) of AA in the 
hindgut attributable to CS infusion showed great variation 
(Table II11.7). For the indispensable AA, the values (g/d) 
ranged from 0.26 (methionine) to 0.92 (lysine) for barley, 
and 0.08 (valine) to 0.63 (lysine) for wheat; for the 
dispensable AA, values ranged from 0.32 (tyrosine) to 1.74 
(glutamic acid) for barley, and 0.25 (proline) to 1.08 


(glutamic acid) for wheat. 
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EfPect: of cornstarch 


infusion at the terminal 
ileum on the apparent increase in amino acid 


content in the feces. 


Diets: 


Amino acid, g/d} 


Indispensable 
Arginine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Valine 


Dispensable 
Alanine 
Aspartic acid 
Glutamic acid 
Glycine 
Proline 
Serine 
Tyrosine 


Barley 
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E. DISCUSSION 

A clear understanding of the factors influencing the 
metabolism of N and AA in the hindgut of the pig would 
permit more precise estimates of the digestibilities (and 
therefore availabilities) of the constituent AA in any given 
dietary protein ingredient. Such data are a prerequisite to 
capitalizing on the full potential nutritional value of a 
protein ingredient since a diet may be adequate in total 
crude protein (NRC 1979) but still does not provide the pig 
with all the AA required for optimal protein synthesis 
(Zebrowska 1978, Tanksley and Knabe 1980). 

The infusion at feeding time of 800 ml of water via 
cannulas at the terminal ileum of pigs was shown to have no 
effect on N-balance and apparent N digestibility (R. Misir 
and W.C. Sauer, Unpubl.). Therefore, in,the present study, 
water infusion was assumed to have NO eT Feet eonathe 
parameters measured. 

In diets containing 100% barley or wheat (Sauer et al. 
1974), or either grain supplemented with only vitamins and 
minerals (Sauer et al. 1977b, 1979), the AD of N and AA were 
found to be lower for barley than for wheat. In the current 
study, a similar trend was observed for the barley or wheat 
diets (water infusion); however, the wide variations in AD 
of individual AA from that of the respective N (crude | 
protein) clearly suggested that the digestibility of 
individual AA, and not that of the crude protein (uJust 


1979), must be taken into account when formulating diets. 
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This is especially important in those diets containing 
predominantly cereal grains which are usually limiting in 
lysine and threonine (Munck et al. 1970). Also, among the 
indispensable AA in cereal grains, the digestibility of 
lysine is usually lowest (Sauer 1976, Eggum 1977, Misir and 
Sauer 1981c). 

The metabolism of N and AA im the hindgut is a 
reflection of the extent of microbial activity and 
invariably is manifested by degradation of undigested 
protein residues and subsequent de novo synthesis of 
bacterial protein. Net disappearance or synthesis of N 
compounds in the hindgut is dependent on the amount of 
fermentable energy substrates such as starch (Mason et al. 
1976) and fibre (Sauer and Just 1979, Sauer et al. 1980) 
entering the hindgut. 

Various researchers (Sauer et al 1977a,b, Zebrowska 
1978 and Tanksley and Knabe 1980) have reported higher 
values for AA digestibilities, measured by the fecal 
analysis method (Kuiken and Lyman 1948), in contrast to 
digestibilties determined at the terminal ileum. Previous 
studies provided data on chemical analyses for crude 
protein, starch and crude fibre in barley and wheat diets. 
The apparent ileal digestibilities of crude protein and 
starch (Sauer et al. 1977a) and crude fibre (Sauer 1976) in 
pigs were found to be 74.9, 92.0 and 5.0% for barley, and 
82.9, 93.1 and 0.0% for wheat, respectively. In the current 


experiment, therefore, the amount of crude protein 
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(undigested dietary plus endogenous), residual starch and 
crude fibre expected to enter the hindgut were approximately 
395965 and 64°g or»34, 57 and 31 g for the bartey-' or 
wheat-fed pigs, respectively. The infusion of CS at the 
terminal ileum increased by 200 g/d the amount of energy 
available to the hindgut microflora. The resulting increase 
in the ratio of total starch to protein in the barley- or 
wheat-fed pigs (8.4 or 8:5 vs 3.3 or 2.6 g/g®for'CS’ vs water 
infusion) was expected to greatly enhance microbial activity 
(Misir and Sauer 1981a). With energy no longer limiting, 
microbial proliferation would result in alteration in the 
metabolism of N and AA. This was demonstrated in the current 
study by increased output of fecal N and concomitant 
decrease in the excretion of total urinary N, as was also 
observed previously (Mason et al. 1977, Misir and Sauer 
1981a). This observation could be explained by the finding 
that ammonia, the major N end product of protein digestion 
in the hindgut (Hodgdon et al. 1977), instead of being 
absorbed into the blood, was utilized for de novo synthesis 
‘of microbial protein voided in the feces, thereby altering 
the route of N excretion. 

The effect of CS infusion on decreases in the apparent 
fecal digestibilities was most pronounced for the poorly 
digestible AA including the indispensable AA: lysine, 
threonine and isoleucine (Table 111.4), and the dispensable 
AA: alanine, aspartic acid, tyrosine and glycine (Table 


111.5); in contrast, for the highly digestible AA, the 
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decreases were much smaller. In some cases, however, it 
might be more meaningful to consider the AD reductions in 
absolute rather than in relative terms. This is exemplified 
by threonine and glutamic acid whose AD were decreased by 
8.5 and 3.1 percentage units, whereas the corresponding 
values (g/d) were 0.48 and 1.41, respectively. 

The greater net amount of AA apparently synthesized in 
the hindgut of pigs fed barley (11.71 g/d) as compared to 
those fed wheat (6.27 g/d) might be related to the lower 
ileal digestibilities of barley crude protein and 
constituent AA (Sauer et al. 1977a). Since the ratio of 
energy to protein in the hindgut was similar for both the 
barley- and the wheat-fed pigs, the extent of AA synthesis 
and therefore fecal AD of AA, might be related to the amount 
of protein residues entering the hindgut (Misir and Sauer 
1981a). 

As indicated earlier in this chapter, previous data on 
barley and wheat have shown the AD of AA, measured at the 
terminal ileum, to be lower than AD values taken over the 
total intestinal tract. Because CS infusion depressed fecal 
AA digestibilties, as also noted in this study, it was 
obvious that the fecal AA digestibility was dependent on the 
amount of starch available to the hindgut microbes (Misir 
and Sauer 1981a, Mason and Palmer 1973, Mason et al. 1976, 
1977). Thus, in the presence of adequate starch (fermentable 
energy substrate) the apparent fecal digestibility may not 


be different from apparent ileal digestibility. Conceivably 
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in such a situation, the fecal analysis method might provide 
reliable estimates of AA availabilities. The results of the 
present experiment could therefore explain data (Sauer et 
al. 1980) which showed little or no difference between ileal 
and fecal digestibilities of AA in barley-based diets 
supplemented with 6 to 9% crude fibre (provided by barley 
straw or wheat bran). There were larger differences in AA 
digestibilities at lower levels of crude fibre. 

Frequently, digestibility experiments are conducted to 
determine the availability of the AA in a given protein 
supplement (Sauer et al. 1977a,b, Zebrowska and Buraczewski 
1977, Tanksley and Knabe 1980). Results obtained are used in 
formulation of pig diets. In practical cereal-based diets, 
it is generally assumed that the contribution of the 
individual protein sources are linear and therefore additive 
(NRC 1979). The present study has shown that in evaluating 
the nutritive value of protein sources in a diet where 
cereal grains are the major energy ingredients, 
consideration must be given to the associative effects of 
energy and protein, particularly with regard to the 
increased microbial synthesis of AA and consequent decreases 
in estimates of apparent fecal digestibilities of AA. 
Furthermore, since disappearance of AA in the hindgut is not 
synonymous with AA absorption (Zebrowska 1973, 1975, Hodgdon 
et al. 1977) it would seem that ileal digestibilities are 
more valid than those values determined over the total! 


digestive tract. 
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IV. EFFECT OF CARBUHYDRATE AND PROTEIN INFUSION AT THE 
TERMINAL ILEUM ON NITROGEN METABOLISM IN THE HINDGUT OF THE 
GROWING PIG$ 


A. ABSTRACT 

Eight growing pigs, initial liveweight 28 to 32 kg, 
were each fitted with a single T-shaped cannula at the end 
of the small intestine, and fed a cornstarch (CS)-soyprotein 
(SP) diet formulated to 13% crude protein. The effects of 
purified and natural carbohydrates (CHO), protein, and 
protein plus CHO, infused through the cannula, on nitrogen 
(N) metabolism in the hindgut were evaluated in two separate 
4 x 4 Latin Square experiments. The following treatments 
(infusions) were administered within 1 h of feeding at 0800 
and 1600 h daily: water (200 m1), a CS slurry (100 g/200 
ml), pectin (PC) gel (52 g/600 m1), or wheat bran (WB) 
suspension (88 g/500 mi) in experiment i; and water (200 
ml), and slurries of CS’ (100 g/200 mi), SP (24 g/200 m1) or 
CS + SP (100 + 24 g, respectively / 200 ml) in experiment 2. 
Infused CS or WB provided 3.06, and PC 1.53 MJ gross 
energy/d. Total feces and urine were collected during the 
last 5 d of each 10-d: test period: In experiment 1, infusion 
of CS, PC, and WB to a greater extent, increased (P<0.05) 


i 


3 A modified version of this chapter has been submitted for 
publication in the Canadian Journa! of Animal Science. 
Misir. R and W.C. Sauer, 1982. Effect of carbohydrate and 
protein infusion at the terminal ileum on nitrogen 
metabolism in the hindgut of growing pigs. (Submitted). 
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the percentage output of fecal N (FN); the percentage 
urinary N (UN) was decreased (P<0.05) by CS or WB infusion. 
In experiment 2, the percentage FN was increased (P<0.05) 
and UN decreased (P<0.05) by infusion of CS or CS + SP; 
infused SP had no effect (P>0.05) on FN output. In both 

Pr seraments, excretion of total UN including urea N, was 
increased (P<0.05) by infusion of protein or protein plus 
CHO substrates, i.e., WB, SP or CS + SP, respectively. 
Results suggested that endogenous N was entering the 
hindgut. Furthermore, the pathway of N excretion was 
dependent on the amount of both energy and N substrates 
(undigested and endogenous) entering hindgut. Infused SP was 
completely digested and absorbed in the hindgut. As measured 
by N retention and apparent biological value, absorbed N did 
not contribute to the N status of the pig but was excreted 
eat? as urea in the urine. Values obtained for apparent 
digestibility (AD) of protein (fecal analysis method) were 


dependent on the amount of CHO infused into the hindgut. 


B. INTRODUCTION 

The digestion of dietary protein and energy ingredients 
in the hindgut of pigs has been investigated using normal 
animals in slaughter experiments (Cho and Bayley 1972, Mason 
et al. 1976), and animals fitted with cannulas at the 
terminal ileum (Zebrowska 1973, 1975, Sauer et al. 197/7a,b, 
Gargallo and Zimmerman 1981, Misir and Sauer 1980, 1981a,b). 


Accumulated evidence suggests that both nitrogenous and 
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energy residues entering the hindgut are degraded by the 
resident microflora (Sauer et al. 1977a,b, Misir and Sauer 
1980, S198taybskdusteet aliwiS80patSaw, ,AlimoneandrFanreli 
1980, Gargallo and Zimmerman 1981}. The extent of hindgut 
digestion is dependent on the composition of the diet, and 
is eaetn to be influenced by protein type (Carlson and 
Bayley 1970, Misir and Sauer 1980, 1981a), starch type 
(Cunningham et al. 1963, Mason et al. 1976), and fibre level 
(Sauer et al. 1980). The carbon moiety of these substrates 
are converted to volatile fatty acids (Argenzio and 
Southworth 1974, Imoto and Namioka 1978, Kennelly et al. 
1981) and contributes to the animal’s energy balance (Friend 
et al. 1964, Imoto and Namioka 1978, Kennelly et al. 1981); 
the N moiety may be beneficial, but only at low levels of N 
intake (Zebrowska et al. 1977). 

In practical pig diets, the polysaccharides in cereal 
grains provide the major energy substrates - i.e., starch, 
and fibre which consists of cellulose and hemicellulose such 
as PC. The objective of this study was to evaluate the 
effects of infusion of different sources of carbohydrates 
(purified and natural) and protein into the hindgut of 
growing pigs on N balance, apparent biological value and 


apparent N digestibility. 
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C. MATERIALS AND METHODS 
Animals and Management 

Eight Yorkshire x Lacombe barrows, ranging in initial 
body weight from 28 to 32 kg, were each surgically fitted 
with a single T-shaped cannula at the end of the small 
ines Surgical procedures, design of the cannulas, 
post-surgery care and management of the cannulated pigs 
before being put on test, room conditions, and procedures 
for sample collection and storage have been described (Chap. 
Biles. 

During the experiments, the pigs were fed a 
semi-purified diet consisting mainly of CS and SP (promine, 
an isolated soyprotein, Central Soya Co., Inc., Chicago, 
T1l., USA) and formulated to 13% crude protein (N x 6.25), 
slightly below the recommended NRC (1979) level for growing 
pigs. Alpha floc (a purified cellulose product, Lee 
Chemicals, 1119 Yonge Street, Toronto, Ontario) was included 
as a dietary diluent at a level of 7% to minimize possible 
problems during defecation, e.g., rectal prolapse, 
previously observed when pigs were fed semi-purified type 
diets (Sauer 1976). Dextrose was added at 10% level to 
improve palatability; minerals and vitamins to meet or 
exceed NRC (1979) specifications (Table IV.1). 

The barrows were housed in stainless steel metabolic 
cages which allowed separate collection of feces and urine. 
At the start of the two experiments (which were run 


concurrently), the 8 pigs were randomly alloted into groups 
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Table IV.1. Composition and partial chemical 
analyses of the basal diet. 


——————eeEeooaoaoaoaoaoaoaoaaoaoaoaaoaoaooaoooeeeeeeeeeoooe—eeeeeeeeeeeeeeeeeeeeEe—ESEEEEE EES 


Ingredients (as fed) % 
‘Cornstarch | 61.58 
Soyprotein (83.3% CP) 14.40 
Dextrose 10.00 
Alpha floc 7.00 
Tallow 4.00 
Calcium carbonate (38% Ca) 0.75 
Calcium phosphate (17% Ca; 21% P) 1.55 
Trace mineralized salt! 0.50 
Trace mineral premix2 0.15 
Vitamin premix? 0.015 
Choline chloride 0.055 

Chemical analyses (as fed basis)* | 
Dry matter 90.44+0.22 
Nitrogen 2.08+0.01 


—— 


1°2*3These have been described (Table II.1, footnotes 1-3). 


4Average of two analyses + standard error. 
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of 4 pigs. Each pig was given 800 g diet at 0800 and 1600 h 
daily throughout the test periods. Within 1 h of feeding, 
one of four substances or combination of substances 
(treatments) was gradually infused through the cannula of 
each pig, using a 50-ml catheter tip syringe. In experiment 
1, the treatments consisted of water (200 ml) which served 
asmuneeconthol)mars.urryoof CS (400.g2200 mi), a-gel of PC 
fozeg/ 600 mi: Sigma Chemical Co.) St Louis, MO, USA) ‘and a 
suspension of ground (0.8 mm) WB (88 g/500 m1); in 
experiment2; ‘water ’-and slurriesvof CS (asvabove), SP(24 
g/200 ml) and CS plus SP (24 + 100 g, respectively /200 ml). 
The average initial and final weights of the barrows during 
the experiments were 40 and 52 kg, respectively. 

Each experimental period lasted 10 days. Total feces 
and urine were collected during the last 5 days, as 
described (Chap. I1). 

Calculation of AD, and N balance parameters had been 
peenedescnibed (Chap. I1). Apparent biological value was 
taken as the proportion of the apparently absorbed N that 
was retained. 

Analyses 

Duplicate analyses were conducted on ground samples 
(0.8 mm) of SP, the diet, oven-dried (60°C) feces (pooled 
for each pig within periods), and air dry samples of CS, PC, 
SP and WB for dry matter and Kjeldahl N (AOAC 1970). In 
addition, CS, PC and WB were analyzed for gross energy; 


filtered urine samples (pooled for each pig within periods) 
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for Kjeldahl N, and urea N using an autoanalyzer {Anonymous 
1974). 

The effects of the treatments were evaluated in two 
separate concurrent 4 x 4 Latin Square experiments of 
barrows x infusions. Differences among treatment means were 
established by the Student-Newman-Keuls’ multiple range test 


(Snedecor and Cochran 1967). 


De RESUETS<AND DISCUSSION 

Starch consists of a mixture of straight and branched 
chains of glucose units, whereas pectins are polymers of 
methy1-D-galacturonate (Lehninger 1975). In cereal grains 
(seeds), starch is the major energy reserve; pectins serve 
as cementing components of cell walls, and may account for 
0.56 and 1.34% in barley and wheat, respectively (McNab and 
Shannon 1974). Wheat bran provides a natural source of both 
starch and PC, in addition to cellulose and protein. Cereal 
starches are highly digestible in the small intestine (Keys 
and DeBarthe 1974b, Sauer et al. 1977a), whereas the fibres 
are digested mainly by the microbes of the hindgut (Keys and 
DeBarthe 1974a, Hove and King 1979). 

At the start of this study, an attempt was made to 
infuse 104 g PC twice daily so as to provide the microbes of 
the hindgut with the same amount of gross energy as the 
infused CS or WB, i.e., 3.04 MdJ/d; however, this plan had to 
be abandoned because of the large volume of water (>1.2 1) 


required to make a ge! suitable for infusion into one pig. 
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The PC for infusion was prepared daily about 5 min before 
feeding time by adding 52 g to 600 mi water at 37°C with 
constant stirring until a homogenous gel was obtained. 
Infused CS and PC served as energy substrates for the 
hindgut microbes ; WB provided both energy and protein, and 
SP mainly protein (83.3%). 

The influence of water infusion on N balance and 
apparent N digestibility had been studied in an experiment 
(R. Misir and W.C. Sauer, Unpub1].) in which similarly 
cannulated pigs were fed the same diet (Table PV. and 
infused with 800 ml water twice daily. As in a previous 
study (Just et al. 1981) no Beeches on these parameters were 
observed. 

Intake of N by the 4 pigs during each period was not 
different (P>0.05) and averaged 160.4 g for both experiments 
(Tables IV.2 and 3). The N infused through the cannula (from 
CS, PC, SP or WB) was considered as N intake for calculation 
of N balance, N digestibility, biological value and N 
disappearance. 

The AD of N from a SP-based diet (Table IV.1}) and CS at 
the end of the small intestine of 4 cannulated pigs (56 to 
60 kg body weight) were 80.1 (R. Misir and W.C. Sauer, 
Unpub1.) and 98.2% (Sauer et al. 1977a), respectively. In 
the current experiments, therefore, approximately 6.4 and 
85.7 o/dior undigested N and starch, espectively» were 
expected to enter the hindgut. Additional N and starch were 


provided by infusion. The infusates and the ratio of energy 
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to N (Kud/g) following infusions into the hindgut were: water 
(200), CS (667), PC (420) and WB (410) in experiment 1; or 
water (200),  CS(660)9° SP) 100) and! CS#p6 lus’ SP(640)8 in 
experiment 2. SP was considered as a sole N source. Gargallo 
and Zimmerman (1981) had shown that the hindgut of the 40 kg 
pig could digest up to 150 g starch/d. In the present study 
therefore, the hindgut microbes were provided with adequate 
energy substrates (undigested and infused) in all pigs 
except those infused with water, PC or SP. 

Fecal N consists mainly of microbial protein, the 
amount depending on the energy/N ratio in the hindgut (Mason 
and Palmer 1973, Mason et al. 1976, Mendez-Pereira et al. 
1977). Most of the protein in the feces of pigs fed a 
corn-soybean meal diet was of microbial origin (Gargallo and 
Zimmerman 1981). In the present study microbial activalypeas 
shown by greater fecal N output (g), increased (P<0.05) in 
response to the higher energy densities following infusion 
onpeSaide22).(pen( 4. 11) mandi wee (Ses4) an experimental torT’cs 
(5.23) and CS plus SP (6.95) in experiment 2. The greater 
amount of fecal N (g) excreted in response to the infusion 
Of WEtheh/ 144) ae tnviconthast) tov e€Seri2ii 2 Moree ace ten 
would suggest that the undigested and unabsorbed N from WB 
was making a greater contribution than the highly digestible 
SP to total fecal N (Table IV.2 and 3) Alternatively, both 
energy and N might be limiting for hindgut microbial 
activity when the pigs were fed the highly digestible SP 


diet and infused with water. The observation of similar 
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output of fecal N in both the pigs infused with CS or PC 
(which provided 3.06 or 1.53 MJ gross energy/d, 
respectively) indicated that the infused plus undigested 
dietary starch (285.7 g/d) was greatly in excess of the 
capacity of the hindgut for starch digestion (Gargallo and 
Zimmerman 1981). 

Output of UN (g) was not affected (P>0.05) by the 
Imtusioneof «CS |\(TablesnlVs2uand3), orgPG: (fable LV +2) but 
was significantly increased {P<0.05) by infusions of WB 
(24.49), SP (22.91) and CS plus SP (8.89). As a percentage 
of the total N excretion, however, UN was only slightly 
decreased (P<0.05) by an elevation of the energy density in 
both experiments. Previous studies have shown greater 
decreases in total UN excretion following starch infusion in 
bigs fed protein sources of lower biological value such as 
meat-and-bone meal (Misir and Sauer 1980, Misir and Sauer 
1981a), or barley and wheat (Misir and Sauer 1981b}). In the 
current experiments, N might be limiting in the hindgut of 
the pigs infused with water, or the energy substrates (CS or 
BC dx, 

The urinary urea N (g}) was significantly increased 
GP<0605) \byeinfusiontof*PCe(BadS) aAWBag Oe?) eesee( 14°61), 
and CS plus SP (7.63). As a percentage of the infused N, 
increases were equivalent to 50.0, 45.8 and 23.3%, following 
infusions of WB, SP and CS plus SP, respectively (Tables 
IV.2 ande3)4+4Sincen the infused’ PCrprovidedsonly 1.2 .giNsas 
compared to WB (20.45 g) or CS plus SP (32.70 g), PC seemed 
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to exert this ureogenic effect by enhancing the catabolism 
and turnover rate of absorbed N, as was also observed for 
cholesterol metabolism in rats (Kelley and Tsai 1978). At 
lower energy densities (e.g., infusion of WB or SP, in 
contrast to CS or CS plus SP, respectively), more of the N 
was converted to ammonia (Fauconneau and Michel 1970, 
Grimson et al. 1971, Hodgdon 1977, Hodgdon et al. 1977, 
Deguchi et al.1979), absorbed into the hepatic portal blood 
(Hodgdon 1977, Hodgdon et al. 1977) and excreted in the 
urine largely as urea (Misir and Sauer 1981a,b), Tables IV.2 
and 3. At higher energy densities, the hindgut microbes 
utilized the ammonia produced from the degraded protein for 
de novo synthesis of protein voided in the feces (Mason and 
Palmer 1973, Mason et al. 1976, Mendez-Pereira et al. 1977, 
Gargallo and Zimmerman 1981). Furthermore, the microbes 
utilized endogenous N substrates including blood urea 
(Deguchi et al. 1979, Bergner 1981, Mosenthin 1981), and 
amino acids (Holmes et al. 1974, Sauer et al. 1977b, 
Taverner et al. 1981). The utilization of endogenous N was 
also evident in this study (Table IV.4). High blood urea 
levels may also result when the animal is fed dietary 
protein levels greatly in excess of the NRC (1979) 
recommendations (P.A. Thacker and J.P. Bowland 1981, Pers. 
Comm.), or a poor quality protein such as meat-and-bone meal 
(Misir and Sauer 1980, 1981a). 

Retention of N (g) was not affected (P>0.05) by the 


various treatments, and averaged 65.3 (experiment 1) or 63.3 
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(experiment 2); however, there was a noticeable though not 
significant (P>0.05) trend towards greater N retention in 
the pigs infused with SP (Table IV.3). The percentage N 
retained actually decreased (P<0.05) for the WB-infused pigs 
as compared to the water-infused pigs (i.e., 32.98 vs 44.40, 
Table IV.2). The amounts of N retained were paralleled by 
similar trends in measurements of apparent biological values 
(Tables IV.2 and 3). Increased N retention had previously 
been observed when casein was infused at the terminal ileum 
of pigs fed a protein-free diet (Zebrowska 1973) or a 16.1% 
protein, corn-soybean meal diet (Gargallo and Zimmerman 
1981). 

The total amount of nitrogenous residues (undigested 
and infused) available for fermentation in the hindgut, and 
the percentage of total N disappearance (i.e., net 
absorption) are presented in Table 1V.4. Disappearance of N 
ranged from, 49.61% (CS infusion) to 81.32% (SP infusion), 
and was influenced by infusions of both CS (average 
reduction, 13.98 percentage units for both experiments), and 
protein (SP, an increase of 6.59 percentage units). These 
data indicated the high capacity of the hindgut for 
digestion of N substrates (Zebrowska 1973, 1975, Gargallo 
and Zimmerman 1981, Just et al. 1981). The disappearance of 
the infused N (g), calculated by subtracting the increase in 
FN (g) due to CHO and/or protein infusion from the amount of 
N infused through the cannula (g) amounted to 10.91 (53.35%) 
for WB, or 30.15 (94.51%) for SP (Table IV.4). There seemed 
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Table IV.4. Total nitrogen entering the hindgut, nitrogen 
disappearance and apparent fecal digestibility 
of nitrogen by pigs infused with energy and 
protein sources at the terminal ileum. 


N disappearance Apparent 
Total Nj Total Of infused N fecal N dig. 
g/5d % g/5d % 
Infusion (exp. 1) 
Wat b2 a a 
er 32.57 65.61 0 < 94.97 
Cornstarch (CS) 32.62> ee ee ee 91.94? 
Pectin 33.16° sGngae b250n 2 91.94 
Wheat bran 51.80° 65.00°' 3r9T” *'53.235 79.17° 
SEM 0.56 1.65 2 - 0.44 
Infusion (exp. 2) 
Water 31.50° 74/73" * 6 s 93.162 
cS 32.460 625 Tite ph 438 On - 89.72? 
Soyprotein (SP) 64.292 812325" 302154 9455) 91.94? 
CSut SP 64.864 nao £26 4e5% feel yk 88.50? 
SEM 0.39 Fe : < 0.36 


1Undigested + infused N. 


2For each experiment, means within a given column not followed by the 
same Superscript are significantly different at P<0.05. 


3Standard error of the mean. 
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to be an interaction of energy and N on the metabolism of N 
in the hindgut since fewer grams of infused N apparently 
disappeared when the energy density was high, i.e., when CS 
plus SP’as compared to SP alone was infused (i.e., 25.75 vs 
30.15 g). When energy alone (i.e., CS, WB ) was infused, the 
amounts of N disappearing in the hindgut exceeded that 
contributed by the ileal digesta plus infusate (Table IV.4). 
This observation clearly indicated that endogenous N was 
utilized by the microbes for de novo protein synthesis 
(Holmes et al. 1974, Bergner 1981, Mosenthin 1981). 

All the pigs used in this study consumed equal amounts 
of the same diet (Table IV.1), yet the AD of the dietary N 
(percentage units) was significantly (P<0.05) lowered when 
CHO or CHO plus N were infused into the hindgut, ji.e., CS, 
Caos sec 3c 0S" “WB: 15.80 Imgexperiment Hi Csi -3. 44-2CS+sP. 
4.66 in experiment 2. In normal animals (without cannulas), 
the amounts of energy substrates and protein residues 
entering the hindgut would depend on the ileal 
digestibilities of these dietary ingredients. The amounts of 
these residues, in turn, determine the extent of microbial 
fermentation, the amount of N excreted via the feces and the 
urine, and consequent estimates of apparent N digestibility 
(fecal analysis method, Kuiken and Lyman 1948), and apparent 
biological value measurements. 

Classically, the amounts of N excreted via the feces 
and urine have been considered as completely discrete 


entities. The results of the present study have 
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substantiated previous data (Mason and Palmer 1973, Mason et 
al. 1976, Misir and Sauer 1980, 1981a,b) that the metabolism 
of N residues entering the hindgut represents the sum total 
of deamination and subsequent N incorporation by the 
microbes, thereby influencing the amount of N excreted by 
either pathway. Infused N was completely digested and 
absorbed but did not contribute to the protein status of the 
growing pig. The effect of the energy/N ratio on 
measurements of apparent N digestibility should be 
reasonable evidence for nutritionists to reexamine the 
currently held interpretation of amino acid availability, as 
determined by the fecal analysis method (Kuiken and Lyman 


1948). 
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V. COMPOSITION, AMINO ACID DIGESTIBILITIES AND PROTEIN 
QUALITY EVALUATION OF HIGH LYSINE BARLEYS4 


A. ABSTRACT 

Five experimental barley lines, bred and grown in 
Aiberta under similar soil and environmental conditions, 
were evaluated as sole protein sources in two rat feeding 
trials. Chemical analyses showed 9 to 22% higher nitrogen 
(N) in Hiproly and the experimental lines (exp. i) as 
compared to Galt barley (control). Amino acid (AA) analyses 
(exp. 1 and 2) also indicated higher lysine levels in Line 1 
(29%), Hiproly (21%) and Line 4 (13%), and a reduction in 
the content of glutamic acid plus proline in Line i (16%) 
and Line 4 (6%), respectively. The data indicated that Line 
1 could be classified as a “hiproly" barley, Line 4 as a 
"high lysine” barley, Line 2 a “high protein” barley, and 
Lines 3 and 5 “normal” barleys. In experiment 1, lysine was 
the least digestible AA but the values were similar (P<0.05) 
for all the barleys. In experiment 2, apparent digestibility 
of N in all the barleys was 10 -11 percentage units lower 
(P<0.05) than in casein. There was no difference (P>0.05) in 
performance of rats fed the barley lines and Galt. The 
relative protein values of the barleys reflected the lysine 


we ea ai ee ee 


4 The material in this chapter has been accepted for 
publication in the Canadian Journal of Animal] science. 
Misir, R. and W.C. Sauer. 1981c. Composition, amino acid 
digestibilities and protein quality evaluation of high 
lysine barleys by growing rats.(In press). 
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content of their respective protein. When the barleys are 
included as sole sources of both protein and energy in diets 
for 60 to 100 kg pigs, chemical score data showed that only 
Line 1 might adequately provide all the AA, including 
es It is concluded that hiproly barleys are 
nutritionally superior, and would provide more grams of 


available lysine than normal barley. 


B. INTRODUCTION 

Cereal grains serve as major sources of nutrients, 
especially energy and protein, for monogastric animals. For 
optimal animal performance, the diets must provide adequate 
levels of all nutrients, including protein which supplies 
AA. However, the nutritional quality of cereal protein for 
monogastric animals is limited by the level of lysine, the 
first limiting AA (Munck 1976, Sauer 1976). In most cereals, 
the second limiting AA is threonine (Aw-Yong and Beames 
1975, Sauer 1976). Current methods of diet preparation for 
rapidly growing animals involve mixing cereal grain, low in 
protein and indispensable AA, with more expensive protein 
supplements (e.g., soybean meal) which raise the protein 
content and improve the AA balance in the diet. 
Alternatively, the use of synthetic AA to rectify these 
deficiences has given satisfactory growth and feed 
conversion efficiencies when barley-based diets were fed to 
rats (Aw-Yong and Beames 1975, Beames 1977) and pigs (Braude 


et al. 1972, Chung and Beames 1974). 
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Supplementation of commercial barley- or wheat-based 
livestock diets with AA can be economically feasible only if 
adequate supplies are available at competitive prices 
(Braude et al. 1972, Aw-Yong and Beames 1974). However, 
lysine and methionine (including methionine hydroxy 
analogue) are the only synthetic AA produced as feed grade 
and the prices of these often reflect the price of expensive 
soybean meal (Beames 1977). Previous studies had shown high 
lysine barleys to be nutritionally superior in feeding 
trials with rats (Munck et al. 1970) and pigs (Thomke and 
Widstromer 1975). Accordingly, research efforts have turned 
to the development of cereal grains which contain 
indispensable AA, notably lysine, in adequate amounts and in 
the correct proportions to provide for optimum growth. The 
long-term objective of the barley breeding research in 
Alberta is to produce a barley which requires 
supplementation with only minerals and vitamins to serve as 
the sole diet for growing and finishing pigs. In the short 
term, however, the goal is to release for commercial 
productionva tbar ley cultivar whichereduces” thevneed) tor 
protein supplementation in the diets of all classes of pigs. 

In’ “normal Tysine”™ barleys, there ts a negative 
correlation between the protein content of the grain and the 
lysine concentration in the protein; however, when expressed 
on a grain dry matter basis, the amounts of protein and 
lysine are positively correlated (Munck et al. 1971, Doll et 
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than normal lysine barleys of similar protein contents 
(Munck et al. 1971, Doll et al. 1974), because lysine-rich 
albumins and globulins are increased at the expense of 
lysine-poor prolamines (Ingversen et al.1973, Balaravi et 
al. 1976). Alterations in the AA composition of the grain 
protein could be determined by chemical analyses, whereas 
improvement in nutritional quality of the protein is usually 
evaluated by animal feeding experiments. 

Samples of new barley cultivars were available only in 
small amounts; consequently, the present study was conducted 
to (1) determine the crude protein and AA digestibilities of 
some barley lines, and (2) evaluate the protein quality in 
other barley lines, using the relative protein value (RPV) 


method (FAO/WHO 1975). 


C. MATERIALS AND METHODS 
Rat Management and Diet Preparation 

Sprague-Dawley rats were assigned individually to 
metabolic cages (25 x 18 cm) with 1-cm mesh floors, which 
facilitated total collection of feces. The room was equipped 
with ans automatic 12-hlighti-darki-cycle (0700 to 1900chiheand 
maintained at a mean temperature of 24 + 1°C. 

The experimental barley lines used in the diets were 

developed at the Alberta Agricultural Research Station, 

| Lacombe, grown under similar environmental and soi! 
conditions, and harvested in 1977 (exp. 1) or 1978 (exp. 2). 


Prior to being mixed with the other dietary ingredients, all 
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grain samples were finely ground in a laboratory mill] 
equipped with a 0.75 mm screen (Christy and Norris, 
Chelmsford, England). At the start of each experiment, the 
diet for each rat was weighed into a separate plastic cup 
with a tightly fitting lid. The daily dietary allowance for 
each rat was thereafter made from these cups and placed into 
food jars each equipped with a circular screen (1-cm pore 
size) and a metal cover (with a circular opening, 2.5 cm 
diameter) to minimize spillage. Water was provided ad 
libitum. During the test periods, feed not consumed plus 
feed spillage were determined; total feces produced by each 
rat were collected separately and pooled among days in the 
same plastic bag, frozen and stored at -20° C until required 
for analysis. 
Experiment 1 

Five-week old male rats, previously on a 12% crude 
protein commercial diet, were placed into weight groups from 
which 30 were randomly assigned into six treatment groups. 
The rats (mean initial weight + SEM of rats on the different 
treatments = 90 + 2 g ) were put on a 9-d digestibility 
trial which consisted of a 4-d adaptation period followed by 
a 5-d test period (Eggum 1973). The experimental diets 
consisted of Galt (a normal commercial barley serving as the 
control), four test barleys, i.e., Hiproly (Munck et al. 
1971), and three locally-developed lines. A Western Canadian 
utility wheat (Glenlea) was included in the experiment to 


compare the digestibilities of its AA with those of the 
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barleys. In all the diets (Table V.1) the grain was 
supplemented only with minerals and vitamins which met or 
exceeded the recommended levels (NRC 1978). A 15-g dietary 
allotment was given to each rat at 1100 h daily. 
Experiment 2 

Three-week old weanling rats were assigned on the basis 
of sex into weight groups from which they were randomly 
allocated to five treatment groups each consisting of 12 
males and 12 females. The rats (mean initial weight + SEM of 
both sexes = 55 + 1g) were fed ad libitum cornstarch-based 
diets formulated to contain 2, 5 or 8% crude protein (N x 
6.25) from Galt, or one of two test barley lines. ANRC 
casein (Sheffield Chemical Co., Norwich, NY, USA) was used 
as the reference protein (Table V.2). The 14-d experimental 
period consisted of a 9-d adaptation period followed by a 
o-d test period. Feed and water were removed from the cages 
3 h before rats were reweighed at the end of the adaptation 
and test periods. 
Calculations 

Total feed intake and apparent digestibilities (AD) 
were determined as described (Chap. II). In experiment 1, 
the correction factors used in calculation of true 
digestibilities (TD) had been previously determined (Sauer 
1976). In experiment 2, regression slope and correlation 
coefficients (body weight change on N intake) were 
calculated for casein and the test barley proteins (Snedecor 


and Cochran 1967). The relative protein value (RPV) of the 
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protein in a given test barley was the ratio of the 
regression slope coefficient, expressed as a fraction of 
that of casein (FAQ/WHO 1975). Chemical score (CS) was 
calculated as the lysine content of the barley sample (g/16 
g N), expressed as a percentage of the lysine level in the 
protein (g/100g) recommended for 60 to 100 kg pigs (NRC 
1979). 
Analyses 

Proximate analyses were conducted on ground samples 
(0.75 mm) in duplicate. Grain, casein and freeze-dried feces 
for were analyzed for dry matter and Kjeldahl N; diets (exp. 
1) for dry matter, Kjeldahl N, crude fibre and gross energy 
(AOAC 1970). Samples of grain, diets and feces (exp. 1), and 
casein and grain (exp. 2) were analyzed for AA as described 
by Sarwar and Bowland (1975). Analysis for tryptophan was 
according to the method of Hugli and Moore (1972). 

Data (exp. 1) were subjected to one-way analysis of 
Variance with significance among treatment means tested by 
the Student-Newman-Keuls’ multiple range test (Snedecor and 


Cochran 1967). 


D7SRESUBTS 
Experiment 7 

Chemical analyses (Table V.1) showed Hiproly diet to 
have the highest percentage crude protein (16.95) and Galt 
diet the lowest (13.86); the other diets ( i.e., the barley 


lines and wheat) had intermediate values which were 1.27 to 
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2./2 percentage units higher than the control Galt diet. In 
addition, Hiproly diet had the lowest percentage of crude 
fibre (1.03), and Line 2 diet the highest (3.11). 

Amino acid analyses of the grains (Table V.3) showed 
the lysine content (g/16 g N) to be highest in Line 1 
(4.39), followed by Hiproly (4.10), Galt (3.39), Line 2 
(3.34), Line 3 (3.00) and Glenlea wheat (2.36). As compared 
to the other barleys and wheat, Hiproly followed closely by 
Line 1, also had highest levels of threonine and methionine. 
Furthermore, Hiproly had the highest contents of the other 
indispensable AA. In general, the protein in the three 
barley lines contained similar levels of the other 
indispensable AA, which were the same as or higher than 
those in Galt or the wheat. Lines 1 and 2 also had lower 
levels (g/16 g N) of glutamic acid (20.39 and 22.06) and 
proline (10.10 and 11.03), respectively. All the barleys had 
similar contents of the other dispensable AA. | 
Digestibility Data 

As compared to Galt, AD (percentage units) were lowest 
(P0005) in Line 2 for dry matter (60-6). simennpisoly «tor 
crude protein (73.4), and in Hiproly and Line 1 for valine 
(76.9 and 78.0), glutamic acid (86.4 and 86.0), proline 
(88.9 and 88.2), and serine (76.8 and 76.8), respectively 
(Table V.4). The true AA digestibilities for the barleys 
(Table V.5) showed basicaliy the same pattern as the AD 
values (Table V.4) The values (percentage units) were lowest 


in Hiproly for crude protein (83.2), alanine (68.6) and 
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glycine (77.0); in Line 1 for phenylalanine (85.2): and in 
Hiproly and Line 1 for glutamic acid (88.1 and 88.0), 
proline (90.2 and 89.8) and serine (80.9 and 81.6), 
respectively. There was no difference (P>0.05) in the 
digestibility of lysine in the barley or wheat diets whether 
AD (Table V.4) or TD (Table V.5) was considered. In general, 
digestibilities of the other AA were lower for the barieys 
than for the wheat. 
Experiment 2 

: The percentage N was basically the same for Line 4 
(2-43), Line 5 (2.37) and Galt (2.40); however, AA analyses 
(Table V.6) showed higher lysine levels (g/16 g N) in Line 4 
ei vandeime: 5 (3.58) than Galt. loecsls Also. the levels 
of threonine and methionine plus cysteine were similar in 
these barley lines but slightly higher than those in Galt. 
Similar levels of the other indispensable AA were present in 
all the barleys. Among the dispensable AA, glutamic acid and 
proline levels were lowest in Line 4; the levels of the 
others were similar. 
Protein Quality Data 

The three dietary N levels, N intake and resulting 

changes in body weight, calculated values (regression slope 
coefficients, RPV’ s; correlation .coetticients,. and) AD —afor 
the 1.28% N diets only) are presented in Table V.7. The 
regression slope coefficient was highest VP<0', 05) “for casein 
(27.43), but was not significantly different (P>0.05) among 
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(20.56); this was reflected in similar RPV’s for the 
barleys. The correlation coefficients reached very high 
levels and were significant (P<0.01) all the test proteins, 
including casein (0.989), Galt (0.968), Line 4 (0.967) and 
Line 5 (0.968). All the barleys showed similar apparent 
protein digestibilities which were 10.1-11.1 percentage 


units lower (P<0.01) than the value For casein (89.9%). 


E. DISCUSSION 

Feed costs may account for 50-70%, or even more, of 
total production cost in intensive livestock operations. In 
Alberta and in other areas of Western Canada, barley is the 
cereal grain most commonly used in animal diets. Since 
barley makes a larger single contribution of both energy and 
protein than any other ingredient in pig diets, any increase 
in the lysine content and consequent improvement in protein 
quality would reduce the need for side teneshat tan with 
protein ingredients. This would result in substantially 
lower feed costs and therefore greater profit to the 
producer . “Moresof ‘therconvent tonal iproteinuseurcesiiierg., 
soybean meal, could then be diverted for direct human 
consumption. 

Crude protein and lysine levels of the Hiproly sample 
used in this study fell within the range reported (Munck et 
almeiC7ie In@exper iments pathestysiner féevetiseins bine | Sand 
Hiproly were markedly higher than that of Galt by 29 and 


91%, respectively. In addition, Line 1 showed 164 less 
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glutamic acid plus proline. Similar but smaller changes were 
observed in Line 4 (exp. 2) for lysine (13% increase) and 
glutamic acid plus proline (6% decrease). The increases in 
lysine content along with the simultaneous decrease in 
glutamic acid plus proline concentrations would suggest 
alteration in the distribution of the constituent grain 
protein fractions. Previous workers (e.g., Balaravi et al. 
1976, Munck 1976) had reported increases in lysine-rich 
albumins and globulins, and concomitant decreases in 
lysine-poor prolamines. Among the barleys used in the 
current study, there was also an increase in the protein 
conten ainekiproly (227) -and=line 1G97%) but nob insline 4: 
therefore, Line 1 could be classified as a “high protein, 
high lysine" or "hiproly" barley, and Line 4 a "high lysine" 
barley. Furthermore, all these barleys had higher levels of 
threonine and methionine, thereby improving the balance of 
indispensable AA. Ingversen et al. (1973) and Helm (1977) 
had found increased levels of threonine in high lysine 
mutants. Beames (1977) obtained a positive correlation 
(r=0.79) between lysine and threonine contents in high 
lysine barley lines grown in Western Canada. Therefore, in 
selecting formtheshigh=lysinestrait, the planteoreeden is 
also selecting for threonine, the second limiting AA 
(Aw-Yong and Beames 1975, Sauer 1976). As compared to Galt, 
Line 2 had similar lysine but higher protein content (15%); 
Lines 3 and 5 both had similar protein and lysine levels as 


the ‘corresponding controls, Accordingly, “Line 2 is a “high 
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protein’ barley whereas Lines 3 and 5 are "normal" barleys 
eMunck tet fab!) 21974), Dolilicetra Phnts74 ): 

As the sole source of protein for 60 to 100 kg pigs, 
all the barleys including controls, would provide adequate 
levels of all indispensable AA except lysine (NRC 1979). The 
chemical score (CS) for lysine indicated that only Line 1 
(CS=100) might also be adequate in this AA. Hiproly (CS=94), 
Line 4 (CS=86) and Line 5 (CS=82) and Galt (CS=76, exp. 1; 

GC -w, Gexp 02) Sykine AvECS=76)+, “Binemseres=68) Atdstwe ll. as 
wheat (CS=54), would require supplementation with varying 
amounts of soybean meal. 

The lysine-rich albumins and globulins, which have a 
relatively balanced AA composition (Pomeranz 1975, Rhodes 
and Gill 1980) are confined largely to the aleurone cells of 
the cereal grain embryo (Sauer 1976, Eggum 1977). The barley 
Kernel has a thick-walled, multicellular aleurone layer; in 
contrast, wheat has only a single-celled aleurone layer 
(Postel 1956, Eggum 1977). Previous studies with rats (Eggum 
1973) and pigs (Sauer et al. 1974, 1977, 1981; Misir and 
Sauer 1981b) had shown lower AA digestibilities in barley as 
compared to wheat. It is likely that when barley is fed, the 
thick cellulosic walls of a substantial percentage of the 
aleurone cells are not broken down in the gut, as shown in 
studies with chicks (Saunders et al. 1969), thereby reducing 
contact with proteolytic digestive enzymes. This would 
partly explain the lower digestibilities of AA in the 


barleys as compared to Glenlea wheat. The similar 
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digestibility of lysine observed for both barley and wheat 
might be explained by higher concentration of lysine in the 
aleurone cells relative to the endosperm. 

As compared to normal barley controls, lower true 
digestibility of N (or crude protein) had been obtained in 
Feeding high lysine barleys to rats. In one study (Johnson 
et al. 1978) the TD of N and lysine were reduced by 4.0 and 
6.5 percentage units, respectively; however, the amount 
(g/16 g N) of lysine available for absorption actually 
increased by 17% because of the higher lysine content in the 
grain. Doll et al. (1974) found no evidence of reduction of 
tne [DagoftaNkandslhysinesincratsiaingcontrast, “higherslD lof N 
and lysine had been obtained when high lysine barleys had 
been fed to rats (Munck et al. 1970) or pigs (Thomke and 
Widstromer 1975). In the current study (exp. 1), the amount 
of lysine available for absorption and subsequent protein 
synthesis (i.e., lysine intake,g x lysine digestibility, %) 
seemed to be directly related to the lysine content in the 
grain 

Protein quality, as measured by RPV’s, was the same in 
Galt and in Lines 4 and 5, but lower (P<0.05) by 28-25% than 
that of casein. When used in practical feeding, these 
barleys would thus require supplementation with high protein 
ingredients to improve the overall quality of the dietary 
protein. The high correlation coefficients would suggest 
that the different barleys were utilized with equal 


efficiency at all levels of dietary intake. 
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A major problem which precludes the cultivation of high 
lysine barleys is the reported low yields (Munck et al. 
1970; Helm 1977; Newman et al. 1978), resulting from 
shrunken kernels (Doll et al. 1974, Newman et al. 1978) and 
thus lower kernel weight (Doll et al. 1974, Bansal et al. 
1977). Persson and Karlsson (1977), however, obtained yields 
in high lysine barieys comparable to those of normal 
high-yielding controls. If the yields in Hiproly, and Lines 
1 and 4, used in the present study, could be improved by 
genetic manipulation then the resulting high yielding, high 
lysine barleys could be released for commercial production. 

Various researchers, including Munck et al. (1970, 
1971) and Newman et al. (1974) had found the nutritional 
value of high lysine barleys to be superior to that of 
normal control barley. Beames (1977) showed that growth 
rates and feed conversion efficiencies were similar when 
weanling rats were fed Galt barley plus synthetic lysine, or 
unsupplemented high lysine barley diets. However, rat growth 
performance was improved when soybean meal was added to the 
diets, indicating deficiencies of one or more AA in the high 
lysine barleys fed. Beames (1977) attributed the inadequacy 
of these high lysine barleys to the higher requirements for 
AA by the weanling rat relative to the growing pig (NRC 
1979). In studies with growing—finishing pigs, Newman et al. 
(1978) reported considerable savings in soybean meal (as the 


protein supplement) when the cereal component in the diet 


was high lysine barley. 
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In studies with pigs fed barley-based diets, the fecal 
analysis method (Kuiken and Lyman 1948) gave similar AD 
estimates of lysine and methionine as those measured at the 
terminal ileum, but overestimated those of other 
indispensable AA, e.g., threonine and histidine in a barley 
diet by 10.2 and 11.5 percentage units, respectively (Sauer 
et al. 1977). For wheat diets, this method overestimated the 
AD of lysine, threonine and methionine by more than 8 
percentage units in each case (Sauer et al. 1981). Of 
practical consideration are threonine, the second Lint ting 
AA in barleys (Aw-Yong and Beames 1975, Sauer 1976), and 
lysine and threonine, first and second limiting AA 
respectively, in wheat (Ivan and Farrel 1973). Therefore, 
care must be exercised in the interpretation of fecal 
digestibility values for all AA except lysine and methionine 
(barley-based diets) and in their subsequent application in 
diet formulation. 

The results of the current study indicate that high 
lysine barleys offer promise in meeting the stated 
objectives of plant breeders and animal nutrition 
scientists. Chemical analyses suggest superior nutritional 
potential of Hiproly and the test bar leysueiness;) and -428For 
pigs (60 to 100 kg), all the barleys had adequate levels of 
the indispensable AA except lysine. CS for lysine indicates 
that Line 1 might adequately meet the total AA requirements 
for thissclass Of Dlds. lt ai1s i iKe lyoehowever, “that ai) the 


barleys including Line 1, may still require supplementation 
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with AA or protein (though at a reduced level) in the diet, 
since the NRC (1979) estimates are based on available AA 
from corn-soybean meal diets whereas the CS values in this 
study were calculated using the analyzed levels of AA in the 
barley and wheat samples. In general, the amount of lysine 
available to the pig is expected to be higher when hiproly 
or high lysine barteys as contrasted to high protein or 
normal barleys are fed. Clearly, feeding experiments with 
growing-finishing pigs must be conducted to evaluate more 


accurately the protein quality and adequacy of the barleys. 
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Vi. COMPOSITION AND BIOLOGICAL EVALUATION OF HIGH LYSINE 
BARLEYS BY GROWING RATS AND PIGSS5 


A. ABSTRACT 

One established high lysine barley (Hiproly), one 
experimental high lysine barley mutant (Risd 1508) and one 
experimental barley line (Line 6), all grown in Alberta 
under similar soil and environmental conditions were 
evaluated as sole protein sources in one rat and one pig 
experiment. As compared to Galt (a normal control barley), 
crude protein contents were 67, 47 and 16% higher in 
Hiproly, Line 6 and Risdé 1508, respectively. The lysine 
content (%) in the grain, and the percentage increase 
relative to Galt were Hiproly (0.72, 80%), Risd 1508 (0.71, 
78%) and Lie <6 (0.58, 45%), respectively. In the rat trial, 
relative protein values (RPV’s) expressed as a percentage of 
‘that of Galt, were 115, 109 and 108 for Line 6, Hiproly and 
Risdé 1508, respectively. In the pig trial, mean nitrogen (N) 
retention (as a percentage of intake N) was similar for test 
barleys (43.5) but higher (P<0.01) than for’Galt (32.5). In 
both trials, the true digestibilities (TD) of N (crude 
protein) for all the barleys followed basically the same 
trend but were consistently higher than apparent 


5 An expanded version of this chapter has been submitted 
for: publication in. the wournal of Animal-Science. Misir. Rk. 
and W.C. Sauer. 1982b. Composition and biological evaluation 
of high lysine barleys by growing rats and pigs. J. Anim. 
Scr. (Submit ted) % 
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digestibilities (AD); however, both the AD and TD values 
were lower for pigs than for rats. Apparent biological value 
(4) was lowest (P<0.01) for Galt (50.4), and highest for 
Risdé 1508 (66.0) but not significantly different (P>0.01) 
from that of Hiproly (57.8) or Line 6 (58.7). The high 
biological value of Risd 1508, despite the low TD of N was 
directly related to amount (g) of lysine available for 
absorption by the pig. It is concluded that Alberta grown 
high lysine barleys are nutritionally superior to a normal 
control bar ley and should reduce the need for supplementary 


protein in diets for growing-finishing pigs. 


B. INTRODUCTION 

The search for cereal grains high in lysine led to the 
discovery of high lysine barleys (Munck et al. 1971), corn 
(Mertz et al. 1964, Nelson et al. 1965) and sorghum (Singh 
and Axtell 1973). Since the nutritional value of cereal 
proteins is limited by the level of lysine (Munck 1976, 
Sauer 1976, Eqgum 1977), the use of high lysine cereals in 
livestock diets is expected to reduce protein 
supplementation, resulting in lower total feed costs. 

Nutritional studies have shown that the protein quality 
of high lysine barleys is superior to that of normal barleys 
when fed to rats (Munck et al. 1970, Munck 1972, Doll et al. 
1974, Balaravi et al. 1976, Stobart 1977), and pigs (Thomke 
and Widstromer 1975). In practical pig diets, the use of 


high lysine barleys resulted in substantial savings of 


the 
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soybean meal (Thomke and Widstromer 1975, Newman et al. 
1978). Amino acid analyses indicated high lysine barley to 
be potentially capable of meeting the total amino acid 
requirements (NRC 1979) for 60 to 100 kg pigs (Chap. V). 
Preliminary information on the protein quality of 
experimental barley lines is obtained by chemical evaluation 
(Munck et al. 1971, Ingversen and Koie 1973, Rhodes and Gill 
1980), and both chemical and biological evaluation using 
rats (Doll et aly 1974; Newman et al. 1974; Balaravi et al. 
1o06;, “Bansall etvahectl??7, ‘StobartevG// aM isir ‘and Sauer 
198ic). It is important to have such information available 
in order to identify experimental lines that might be 
nutritionally superior when included in diets for domestic 
livestock species. Therefore, the objective of the present 
study was to evaluate, by chemical analyses and in feeding 
trials using both growing hats and pigs, the protein quality 
of Alberta grown barleys, i.e., Hiproly, an established high 
protein, high lysine barley (Munck et al. 1971), Risd 1508, 
a high lysine barley mutant (Ingversen et al. 1973) and Line 


6 (a locally bred barley line). 


C. MATERIALS AND METHODS 

All the barleys were grown in Alberta in 1978 under 
similar environmental and soil conditions. Line 6 was 
developed at the Alberta Agricultural Research Station, 


Lacombe. The barleys used in both experiments were taken 


from the same batch. 
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Experiment i 

Three-week old weanling rats were assigned on the basis 
of sex into weight groups from which they were randomly 
allocated to five treatment groups each consisting of 12 
males and 12 females. The mean initial weight + SEM for rats 
of both sexes was 52 + 1g. Nitrogen (N) content and partial 
amino acid analyses of the barleys are presented in Table 
VI.1. The rats were fed ad libitum cornstarch-based diets, 
formulated to contain 2, 5 and 8% crude protein (N x 6.25) 
from casein, and each of the barleys: Galt, Hiproly, Risd 
1508, and Line 6. ANRC casein (Sheffield Chemical Co., 
Norwich, NY, USA) was used as the reference protein. Rat 
management, room conditions, diet preparation and 
composition, procedures for collection and storage of 
samples prior to chemical analyses, were previously 
described (Chap. V). The rats were put ona 14-d 
experimental period which consisted of a 9-d adaptation 
period followed by a 5-d period for total collection of 
feces. Immediately thereafter, the rats were fed a 
protein-free diet (Table V.2) for a similar experimental 
period. Feed and water were removed from the cages 3 h 
before the rats were reweighed at the end of both adaptation 
and collection periods. 
Experiment 2 

Eight Yorkshire x Lacombe barrows, ranging in initial 
liveweight from 43 to 47 kg, were individually confined to 


metabolic cages that permitted separate collection of feces 
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and urine. Room conditions and procedures for collection and 
storage of samples have been described (Chap. II). Prior to 
being put on this experiment, the pigs had been fed a 
University of Alberta barley-soybean meal grower diet (16% 
crude protein). 

The experimental diets (Table V1.2) were prepared using 
the barleys (Table V1.1) and were formulated to be | 
isonitrogenous and ieee aires by the addition of alpha floc 
(Lee Chemicals, 1119 Yonge Street, Toronto, Ontario) and 
cornstarch, respectively. Minerals and vitamins were added 
to meet or exceed NRC (1979) specifications. The barleys 
were ground (3 mm particle size) before being mixed with the 
other ingredients. Nitrogen content and partial amino acid 
analyses of the diets are presented in Table V1.3. 

Each experimental period lasted 10 d during which each» 
pig was given 900 g diet twice daily at 0700 h and 1900 h. 
Water was supplied ad libitum. Daily collections of total 
feces and urine output were made during the last 5 dG of each 
period. 

Chemical analyses 

Proximate analyses were conducted on ground samples 
(0.8 mm) in duplicate. Grain (exp. 1 and 2), casein, diets 
and composite freeze-dried feces (exp. 1), diets and 
oven-dried (60°C) feces (exp. 2) were analyzed for dry 
matter and Kjeldahl N (AOAC 1970). Amino acid analyses were 
conducted on grain samples, pig diets, and feces (pooled 


among days for each period) as described by Sarwar and 
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Table VI.3. Nitrogen content and partial amino acid 
analyses of the pig diets (exp. 2). 


Barleys Galt Hiproly Risg 1508 Line 6 


Nitrogen, % dry matter 1.63 1.65 1.65 1.63 


Amino acids (%, as fed) 


Indispensable 


Arginine 0.45 0.42 0.62 0.43 
Histidine 0.20 0.20 OR27 0.19 
Isoleucine 0.32 0.34 0.34 O32 
Leucine 0.64 0.65 0.68 0.62 
Lysine 0.34 0.37 0.53 0.34 
Methionine ; 0.11 Ozais 0.14 0.11 
Phenylalanine 0.43 0.53 0.39 0.46 
Threonine 073.0 Was 0.40 0.30 
Valine 0.39 0.39 0.46 0.38 
Dispensable 
Alanine O35 0.38 0.50 O35 
Aspartic acid 0.57 0.60 0.88 0.56 
Cysteine 0.18 0.10 0.18 0.14 
Glutamic acid 2202 2.16 1.62 2.13 
Glycine ONS Massy O52 0.34 
Proline 0.92 QZ 0.65 0.97 
Serine 0.38 0.39 0.44 0.38 


Tyrosine 0.20 0.20 O22 On'9 
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Bowland 1975). 
Calculations and Statistical Analysis 

Chemical scores were calculated as described (Chap. V). 
Apparent digestibility (AD) of a given nutrient was 
considered as the difference between the total amounts (g) 
consumed and voided in the feces, expressed as a percentage 
of the total (g) nutrient consumed (Kuiken and Lyman 1948). 
True digestibilities (TD) were calculated using the 
metabolic fecal N values (Table V1.4, footnote 2) obtained 
when the rats (exp. 1) were fed the protein free diet (Table 
VeciHe. or vother correction factors for the pigs (exp. 2), 
previously determined (H. Jérgensen and W.C Sauer 1981, 
Pers. Comm.). In experiment 1, regression slope and 
correlation coefficients (body weight changes on N consumed ) 
were calculated for casein and the test barley proteins 
(Snedecor and Cochran 1967). RPV’s were determined using the 
regression slope coefficients of the test protein, expressed 
as a fraction of that of casein (FAO/WHO 1975). In 
experiment 2, apparent biological value was taken as the 
percentage of the apparently absorbed N that was retained. 

The data for the four barleys were subjected to one-way 
analysis of variance (exp. 1), or analyzed using a double 
(concurrent) 4x4 Latin Square experiment of barleys x 
barrows (exp. 2). In both experiments, significance among 
treatment means were tested by the Student -Newman-Keuls’ 


multiple range test (Snedecor and Cochran 1967). 
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DarRESULTS 
Chemical Analyses 

Chemical analyses of the barleys used in both the rat 
and the pig experiments (Table V1.1) showed Hiproly to have 
the highest percentage N (2.88), and Galt (control) the 
lowest (1.72); Line 6 and Risd 1508 had intermediate values, 
j.e., 2.53 and 2.00, respectively. The levels of lysine 
(g/16 g N) were higher than those of threonine but followed 
thetsamemtrend indal}ethedbarleysy igemQnRisd 1508°45.71 and 
Mee Ove @Hiprolys (4/01 ande3e3495 0Gal1g307 4) and*s.. 29) hand 
Line 6 (3.67 and BL27)\4 nespectively win additaon,othe level 
of methionine plus cysteine was highest for Risé 1508 
(3.47), followed by Galt (3.18), Line 6 (2.72) and Hiproly 
(2.46). Among the barleys, Risdé 1508 had the lowest levels 
of glutamic acid (17.48) and proline (7.04). 
Experiment 1 

The regression slope and correlation coefficients, 
RPV's, AD and TD of N in casein and the barleys are 
presented in Table V1.4. The value for the regression slope 
coefficient was highest for casein (27.43) as compared to 
those for the barley proteins, but were significantly lower 
(6<0.05 ei tee Galt (iCL 1m Shiprolye (20.96) re Riso: 1508 
(20.74) and Line 6 (22.14). Differences among regression 
slope coefficients were reflected in CHETRORPVOsSo® lie. ; 
(OO OREOEBOTS OR7649 OlvS6nand 0.699 for casein, Line 6, 
Hiproly, Risd 1508 and Galt, respectively. Digestibility 


values were higher for casein (P<0.01) than those of the 
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barleys. The TD values for N (percentage units) were 95.2 
peasein), 63.4 (Hiproly), Sia (Galt), 61.1 (Line 67) and 
78.4 Risd 1508; these values were 5.0 — 5.4 percentage units 
higher than corresponding AD values. 
Experiment 2 
Nitrogen Balance Data 

The mean N intake (129.0 g) of the pigs fed the 4 
barley diets was not different (P>0.01); however, the 
performance of pigs varied for the response criteria 
measured (Table V1.5). As a percentage of intake N, pigs fed 
the Hiproly or Line 6 diets excreted similar but lower 
levels of N (P<0.05) in the feces (25.3 or 27.8, 
respectively) as compared to those pigs fed Galt Shay AE tele 
Risd® 1508 (32.2). Excretion of urinary N was less (P<0.05) 
by the pigs fed Risd 1508 (23.1) relative to Galt (32.0), 
Hiproly (31.5) or Line 6 (29.6). Similar levels of N were 
retained by the pigs fed Hiproly (43.2), Risd 1508 (44.7) or 
Line 6 (42.6); these values were higher (P<0.01) than that 
for the pigs fed Galt (32.5). Apparent biological values (4) 
were higher (P<0.01) than corresponding N retention values 
but followed) the: same basic pattern, giieu, 8.6. (niproly). 
66.0 (Risd 1508), 58.7 (Line 6) and 50.4 (Galt). 
Digestibility Data 

For the three test barleys, both AD and TD of N, 
indispensable AA and dispensable AA except cysteine, were 
similar or higher than corresponding values for Galt (Tables 


V1.6 and V1.7). The AD of crude protein was highest (P<0.01) 
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in Hiproly (74.7), lowest in Galt (64.6), and intermediate 
imo-eine’ 6 (72/2) and Risé 1508. (67.8). “Among: the 
indispensable AA, the AD (%) of lysine and threonine, 
respectively, were higher (P<0.01) in Hiproly (67.1, 70.1), 
pcos USOT. 2, 68.2) ori Line omlee 25 468. 6) thanpinaGalt 
(50.6, 62.0). The AD (%) of methionine was not different in 
Hiproly (61.7) or Risd 1508 (57.5), but was higher (P<0.05) 
thopasita Line 6 (53..4Je@or Galtx(53.6)0 1D of Ny aindispensabie 
and dispensable AA followed the same trend, but were higher 


than corresponding AD values. 


E. DISCUSSION 
Chemical Evaluation 

Previous chemical evaluation studies (Munck et al. 
1971, Ingversen et al. 1973) indicated marked increases in 
the levels of lysine in high lysine barleys. In the present 
study, the increased lysine levels of the barleys (as a 
percentage relative to Galt) were 80, 78 and 45 for Hiproly, 
Risd 1508 and Line 6, respectively (Table VI.1). The level 
of threonine, the second limiting amino acid in barteys 
(Ingversen et al. 1973, Aw-Yong and Beames 1975, Sauer 1976) 
showed a 31% increase (g/16g N) in Ris@ 1508. A previous 
study in Denmark, which compared Risé 1508 to its parent 
Bomi (Ingversen et al. 1973), reported similar increases for 
lysine and SSE plus marked increases for arginine, 
histidine, aspartic acid, glycine and alanine, in addition 


to decreases in glutamic acid and proline. Clearly, the 
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Table VI.6. Apparent digestibilities (%) of dry matter, crude protein 
and amino acids in the barley diets by pigs (exp. 2). 


—e«—esssSSe 


Barleys Galt Hiproly Ris¢g Line 6 SEM1 
ep | 
B2 A B A 

Dry matter 80.0 87.7 78.1 85.6 0.9 

Crude protein 64.6° 740g Gir ere (paps “tes 

Amino acids 

Indispensable 2 
Arginine 78.3? gLore 84.0° 82.60? 0.7 
Histidine 81.05 83.09 84.65 82.9, 0.6 
Isoleucine 61.6 TSeil 64.8 Om? ters 
Leucine 69.45 US 72: 280 To4ne 1.0 
Lysine 50.6) 67.1, G72 a5 62.2), 1.8 
Methionine 53.6, 61.7, 57.5, 53.1, 2.0 
Phenylalanine 71.1, 80.6, 69.255 77.63p 1.1 
Threonine 62.0) 10.1, 68.2.1 68.6.5 1.2 
Valine Gi,7 1962 W155 69.2 1.1 
Dispensable 

Alanine 48.15 66h7s 63.55 Gana. 1.8 
Aspartic acid S8275 69.3), 70.425 6559. 1.4 
Cysteine 84.6, 7351 78.0 S42 1.3 
Glutamic acid 81.9, 86.15 80.6, 85.59 0.7 
Glycine 60.2, 71.8) 71.96 69.0, Ve3 
Proline 83.3) 86.7, 19.25 51, 86.8.1 O27 
Serine Ue ni es 77.6, 74.2, 76.3, Q.9 
Tyrosine 60.7 67.0 64.6 66.7 1.2 


1Standard error of the mean. 


?Means within a given row not followed by a common Superscript are 
Significantly different:A,B,€ at P<0.01; a,b at P<0.05 
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Table VI.7. True digestibilities (%) of crude protein and amino acids 
in the barley diets by pigs (exp. 2). 


Barleys Galt Hiproly Risg Line 6 SEM+ 


Crude protein 72so* g25m 156 goer 1463 


Amino acid 


Indispensable 


Arginine 84.90 89.02) 9.15) 90.45 047 
Histidine 87.7, 89.8, 89.9.5 91.0y 0.6 
Isoleucine 74.0, 84.9, 77.143 84.4, 1.4 
Leucine 78.0, 86.1, 80.9, 85.3) 1.0 
Lysine 62.9) 78.4, 75.9, 76.3, ene 
Methionine 63.0, 78.74 73.8, 75.0y 1.9 
Phenylalanine 78.6) 86.7. eS 85.55 1.1 
Threonine 75.5. 83.2. 72.0 8357. 1.3 
Valine 78.4 85.8 Satnt 81.5 bed 
Dispensable 
Alanine 60.8) Ten 5" Iara 16c6 1.8 
Aspartic acid Tie 81.756 ee 80.8) 1.4 
Cysteine 95.7) 92.8, 8235, 100.224 1.0 
Glutamic acid 86.1, 90.10 Basa 90.14 0.6 
Glycine 70.835 82.4, 1927 3 81.3, 1.4 
Proline 86.7), 89.8. 83-1 ay 90.4, 0.6 
Serine 80.3) 86.7. S257 S657 — 1.0 
Tyrosine TUT Te) 75.4 80.0 1.3 


cE 


iStandard error of the mean. 


2Means within a given row not followed by a common superscript are 
significantly different: A,b,C at P<0.0l;; a,b,c at P<0.05. 


ee 


Pa 49 
rt. 
2 AF ’ 
Ai 
be wes 
0 i64*, 
~) ¢ 
a 
7 . 4 
A Pag 
° 7 @ 
“i 
rit . 
4 #4 a 7 
é i? hg 
A «. i 
,7 q 
4 a Oo 
2.9 a5 
a ‘4 , ay 
: ri, hh 
as ‘ é ; 
at e'F a ¢ 
pe ee ai ew! 
Ae if 5 
is a ry 
a Du? 194s ioe ww oy ® 


“oh -? Sa man af 


mowuish 


-Cr4 amd 2 


w 


etry y ybieesd® 


126 


mutant Risd 1508 has expressed its genetic potential for 
improved AA content in different environments. The 
experimental barley, Line 6, is clearly a “high lysine 
barley” since its lysine content is positively correlated 
wuunei ts protéin content (Munck eb 2197197 toDodl retraite 
1974). 

Analyses of the barley protein (Table V1.1) indicated 
that only Risd 1508 could meet the total amino acid 
requirements for 60 to 100 kg pigs (NRC 1979). Chemical 
scores (CS) suggested that Hiproly and Line 6 were deficient 
in lysine, and methionine plus cysteine, i.e., forsHiprovlys 
CS=92 and 88: for Line 6, CS=84 and 95, respectively; Galt 
was deficient only in lysine (CS=86). In practical pig 
diets, therefore, these barleys would require 
supplementation with varying levels of protein concentrates 
e.g., soybean and canola meals, to correct AA deficiencies. 
Biological Evaluation 

In the rat experiment, the RPV’s, expressed as a 
percentage of that of Galt, were V09RS Sor ahd no yaainos t 2 
for Riséd 1508, and 115.8 for Line 6, i.e., an average of 11% 
improvement in the protein quality. These results agree very 
closely to the N balance data obtained in the pig experiment 
which showed a similar 11% average increase in the amount of 
N retained by pigs fed these same barleys. 

The validity of the fecal analysis method (Kuiken and 
Lyman 1948) to estimate AA availability has been severely 


criticized in recent years because it does not consider the 
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influence of the microflora on the metabolism of protein 
residues in the hindgut. The use of this method for 
evaluating the availabilities of AA in high lysine barleys 
is based on previous pig experiments (Sauer and Just 1979, 
Sauer et al. 1979) which showed no significant differences 
between the AD of lysine and methionine, measured at the 
terminal ileum and over the total digestive tract. 

The higher digestibilities (AD and TD) of crude protein 
of the barleys in rats as compared to pigs might be related 
to differences between these animal species. In contrast, 
Slump and van Beek (1977) found that the AD of N was higher 
in pigs than in rats when the same diets (corn- or wheat 
bran-based) were supplemented with different protein 
concentrates. Therefore, it would seem that the 
digestibility of crude protein was also related to the 
dietary composition. In the current study, the observation 
that AA digestibilities*of the test) barleys were similar to, 
or greater than those of Galt, would indicate that more AA 
were available to the pigs for absorption and subsequent 
protein synthesis when these test barley diets were fed. The 
amount (g) of available lysine (lysine intake,g x 1D of 
lysine,%), was highest for pigs fed Risé 1508 GS iro v eas 
compared to 22.9 for Haro ly. 204 fOr Ine re ..Or ae pioe®) 
for Galt. These values are directly proportional to the 
observed biological values for the different barleys. 

Helm (1977) reported the initial yield potential of 


Hiproly to be only 30 to 454 of the actual yield of a normal 
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control barley. If yields in the high lysine barleys could 
be improved to levels reported by Persson and Karlsson 
(1977), then these barleys could make a substantial 
contribution in reducing the amount of added protein 
supplements required in practical diets for monogastric 
animals. Jenkins et al. (1979) showed that yields in both 
normal and high lysine barleys, including Risdéd 1508, were 
significantly increased by agronomic practices such as 
‘irrigation and application of N fertilizers. 

In conclusion, the Alberta grown high lysine bar leys 
showed considerable promise. In chemical evaluation of the 
protein quality of high lysine barleys, it might be more 
appropriate to consider AA content, expressed as a 
percentage of the grain rather than as a percentage of the 
protein. This was exemplified by Line 6 which met the 
criteria of a high lysine barley and was superior to Galt, 
as measured by N balance and apparent biological value; 
however, the levels of AA, expressed as a percentage of the 
protein, would suggest similar protein quality in both of 
these barleys. Consequently, it is imperative that 
biological evaluation be conducted with animals, 
particularly with those livestock species in whose diets the 


barleys would be included. 
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VII. GENERAL DISCUSSION 


A. NITROGEN METABOLISM IN THE HINDGUT OF THE GROWING PIG 
Prior to the use of intestinal cannulation as a 
technique in nutritional metabolic studies, it was thought 
that residual dietary constituents leaving the end of the 
small intestine passed through the hindgut largely 
unchanged. Analyses of ileal digesta and feces from chickens 
(Payne et al. 1968), rats (Varnish and Carpenter 1971), pigs 
without cannulas (Cho and Bayley 1972, Mason et al. 1976) 
and pigs fitted with cannulas (Zebrowska 1975, Sauer 1976, 
Tanksley and Knabe 1980) provided clear evidence that the 
hindgut was the region of intense microbial activity, 
involving the metabolism of carbohydrates and protein 
residues. Gargallo and Zimmerman (1981) estimated that the 
hindgut of the pig could digest up to 150g starch/d. These 
and other workers (Just et al. 1981) showed that the hindgut 
possessed a high capacity for the digestion of nitrogenous 
substrates. Other workers (e.g., Mason et al. 1976, 1977) 
showed that N metabolism in the hindgut was 
energy-dependent. In the current study, it was demonstrated 
that the extent of microbial activity, as measured by output 
of fecal N, was affected by the presence of fermentable 
energy substrates (cornstarch, pectin and wheat bran), and 
dietary protein quality (meat-and-bone meal vs soybean 
meal). When energy was limiting for the microbes (water 


infusion), protein residues in the hindgut were degraded to 
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constituent carbon skeletons and ammonia (Hodgdon 1977). The 
latter was absorbed into the hepatic portal blood (Hodgdon 
1977) and excreted largely as urea in the urine. These 
effects were more pronounced when the dietary protein was of 
lower digestibility, as exemplified in the present study by 
meat-and-bone meal as compared to soybean meal. Infusion of 
carbohydrates which provided energy in excess of the 
digestive capacity of the hindgut (Gargallo and Zimmerman 
1981) elicited a quantitative change in the pathway of N 
excretion. In this case, the ammonia produced from protein 
degradation (Hodgdon 1977) was utilized for de novo 
synthesis of bacterial protein which was voided in the 
feces. As a consequence, less ammonia was absorbed into the 
blood for conversion into urea and excretion via the urine. 
Since the conversion of ammonia to urea requires the 
expenditure of energy (Lehninger 1975), the presence of 
energy substrates in the hindgut may result in a net saving 
of metabolic energy to the animal. The observation of no 
decrease in the urinary urea output when pigs were fed the 
highly digestible cornstarch-soyprotein diet and infused 
with cornstarch would suggest that N might still be limiting 
for hindgut microbes, despite the recycling of endogenous N 
(Holmes et al. 1974, Mosenthin 1981). 

Infusion of protein as soyprotein and wheat bran 
substantiated previous reports of the high capacity of the 
hindgut for protein digestion (dust tet ak. 1981, Gargalto 


and Zimmerman 1981); however, the value of the N end 
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product(s) was of little significance to the nutrition of 
the pig since neither N retention nor apparent biological 
value was improved. 

The wide variation in the apparent digestibilities of 
the individual amino acids from that of the respective crude 
protein (Chap. II and III) indicated beyond doubt that the 
digestibilities of the amino acids, and not crude protein, 
were more meaningful, and therefore must be considered when 
formulating practical diets. 

For years, protein from different feed ingredients (of 
plant or animal origin) were thought to have the same 
nutritional value. Practical diets for domestic livestock 
have been prepared on the basis of crude protein content to 
meet the requirements for amino acids. Subsequently, this 
procedure was refined and improved by using dietary amino 
acid content: however, the amount of individual amino acids 
actually available for protein synthesis is often ignored. 
Results of this study indicated that the fecal analysis 
method (Kuiken and Lyman 1948) did not give reliable 
measures of amino acid availabilities because it failed to 
take into account the metabolism of N in the hindgut. When 
energy was limiting (water infusion), amino acid 
availabilities were overestimated, whereas when energy was 
adequate or in excess, amino acid availabilities were 
underestimated. If amino acids are provided in diets 
formulated using such values, then in the former case, the 


pig would be supplied with lower than adequate levels of 
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amino acids for optimal growth; in the latter case, reduced 
feed conversion efficiency (and therefore feed wastage) 
would result. It is obvious, therefore, that ileal 
digestibilities are more valid estimates than those values 
determined over the total digestive tract (Sauer 1976, 


Zebrowska 1978, Tanksley and Knabe 1980). 


B. COMPOSITION AND UTILIZATION OF HIGH LYSINE BARLEYS BY 
GROWING RATS AND PIGS 

Although commonly classified as energy sources, cereal 
grains are also the world’s major protein sources; however, 
cereal proteins are low in the level the indispensable amino 
acid lysine (Munck et al. 1971, Sauer 1976, Eggum 1977) 
which limits their nutritional value to monogastric animals. 
Concerted world wide efforts to change the amino acid 
composition of cereal proteins by genetic manipulation in 
order to meet more adequately the amino acid requirements of 
monogastric animals including man, represent the culmination 
of at least 50 years of research (Munck 1976). Significant 
contributions in the development of high lysine barleys and 
their evaluation (chemical and biological) have been made by 
scientists working in India (Balaravi et al. 1976, Bansal et 
al. toy lmeuScaind inavaie oiMunckee t tants. iio Oraang Mir aici o 
Ingversen et al. 1973, Ingversen and Kote, 1973y9 Kote et al. 
1976, Olsen 1980, Olsen and Krekling 1980), the United 
Kingdom (Johnson et al. 1978, Jenkins et al. 1979, Rhodes 


and Gill 1980), the United States of America (Alexander et 
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al. 1979, Newman et al. 1979) and Canada (Beames 1977, Misir 
and Sauer 198ic). In Alberta the barley breeding program at 
the Lacombe Agricultural Research Station is aimed at the 
development and propagation of nutritionally superior high 
lysine barley lines adapted to local soil and climatic 
conditions, utilizing existing high lysine barleys, 
especially Hiproly (Munck et al. 1971) and Risd 1508 
(Ingversen et al. 1973). Chemical and biological evaluations 
are conducted at the Department of Animal Science, 
University of Alberta (as discussed in this dissertation). 

The results of the present study showed that locally 
developed high lysine barley lines, notably Line 1 (Chap. V) 
and Line 6 (Chapter VI) compared favorably with Hiproly and 
Risd 1508, in terms of both chemical composition and 
biological evaluation. Greater amounts (g) of lysine were 
available to the pigs fed the high lysine barleys than the 
control, Galt (Chapter VI). It is noteworthy, too, that the 
protein quality of Hiproly, Riséd 1508 and Line 6 were found 
superior to Galt in experiments withebetharatsaand pigs, 
thus indicating that feeding trials with rats could be 
useful as preliminary studies on nutritional quality when 
the supply of test berleys is limited. 

It must be emphasized that the increase in the lysine 
content was achieved by an alteration of the proportions of 
the different protein fractions (Ingversen et al. 1973, 
Balaravi et al. 1976, Munck 1976). Increased lysine content 


was also accompanied by increases in the levels of threonine 
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(Ingversen et al. 1973, Beames 1977, Helm 1977). If as 
suspected, this improvement is achieved without a lowering 
of the concentration of the energy components in the grain, 
then the use of high lysine barleys in practical diets for 
domestic monogastric species will certainly increase 
efficiency in livestock production. Perhaps, the only major 
problem to overcome is the low yields, as reported by some 
workers (Munck et al. 1970, Ingversen et al. 1973, Helm 
1977): however, others, e.g., Persson and Karlsson 1977, 
have found yields comparable to high yielding control 
barleys. Furthermore, yields could be increased by good 
agronomic practices, such as irrigation and application of N 
fertilizers (Jenkins et al. 1979). The current study has 
shown that high lysine barleys, bred in Scandinavia also 
express the high-lysine trait in Alberta. Therefore, the 
prospects for large scale production and utilization, or high 
lysine barleys in diet formulation certainly look promising. 
To achieve these objectives suitable high lysine barley 
seeds must be made available to farmers who should then be 
paid a premium for the amount of such barleys marketed. 

In Alberta, the barley production amounted to 5.9 x 106 
tonnes, i.e., 45% of the total cereal grain harvested 
(Alberta Agriculture 1980). Since barley is the grain most 
commonly used in pig diets, the use of high lysine bar leys 
will reduce the need for added protein ingredients (soybean 
meal, canola meal) which can then be diverted to other uses 


e.g., human nutrition. Both the farmers and livestock 
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producers may be direct beneficiaries of high lysine barley 
research. At the present time, the use of existing high 
lysine barleys as sole protein, and possibly energy source, 
may be justified only for finishing pigs (60 to 100 kg). 
Diets for growing pigs would require supplementation with a 
protein concentrate, though at a reduced level than when 


normal barleys are fed. 
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VIII. GENERAL CONCLUSIONS 
The objectives of this thesis were to evaluate: 

(A) The role of the hindgut of the growing pig in N 

metabolism in order to reevaluate amino acid digestibility 

measurements (fecal analysis) as valid estimates of amino 
acid availabilities, and 

(B) The protein nutritional quality of Alberta grown high 

lysine barleys by chemical and biological methods. 

A. ROLE OF THE HINDGUT OF THE GROWING PIG IN NITROGEN 

METABOLISM 

1. Microbial activity was dependent on the amount of energy 
substrates and protein residues in the hindgut. In 
practical feeding regimes, this would depend on the 
respective digestibilities of these ingredients, 
measured at the terminal ileum. 

2. Enhanced microbial activity was accompanied by a change 
in the pathway of N excretion. Fecal N was increased and 
total urinary N was decreased. Fecal and urinary losses 
are thus not completely discrete entities. The 
predominant N end product of protein digestion, most 
probably ammonia, was absorbed into the blood and 
excreted largely as urea in the urine. 

3. The hindgut has a high capacity for protein digestion; 
however, the N end products did not contribute to the N 
status of the pigs fed diets adequate in protein. 

4. Wide variation in the apparent fecal digestibilities ON 


amino acids from that of the dietary protein clearly 
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indicated that crude protein digestibility was of little 
or no value in formulating diets to meet the pig's 
requirements for amino acids. 

The fecal analysis method overestimated or 
underestimated amino acid availabilities; therefore, it 
would be more appropriate to measure amino acid 
availabilities from digesta taken at the terminal ileum. 
In practical cereal based diets, the associative effects 
of undigested carbohydrate and protein residues entering 
the hindgut must be considered in order to accurately 
measure amino acid availabilities (fecal analysis 
method) . 

EVALUATION OF HIGH LYSINE BARLEYS 

Chemical analyses showed that Alberta bred high lysine 
barley lines, an established high protein high lysine 
barley (Hiproly), and a high lysine barley mutant (Riso 
1508), all grown in Aiberta, are superior to a normal 
control barley (Galt). | 
Feeding experiments with both rats and pigs attest to 
‘the superior nutritional quality of their protein. 

In practical pig diets, some of these barleys, e.g., 
Line. 1 and Risd 1508, may meet the total amino acid 
requirements for 60 to 1002kqG pillagst others, .4-0%, 
Hiproly and Line 6, would require supplementation with 
protein ingredients, but at reduced levels, as compared 


to normal barleys. 
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